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Cytokinesis in all organisms involves the creation of membranous barriers that 
demarcate individual daughter cells.  In recent years, the fission yeast 
Schizosaccharomyces pombe has emerged as an attractive model organism for the 
study of cytokinesis.  It uses two distinct mechanisms of cytokinesis depending on 
the mode of cell cycle regulation.  During mitosis, it divides using actomyosin ring 
constriction of which is coordinated with the formation of new membrane/cell wall 
during cytokinesis.  During meiosis, however, four daughter cells (spores) are 
generated through a unique form of cytokinesis, called sporulation.  The de novo 
synthesis of a double-layered membrane, termed the forespore membrane (FSM) is 
initiated during meiosis II, which encapsulates the meiotic nuclei.  In fission yeast, a 
signaling module termed the Septation Initiation Network (SIN) plays an essential 
role in the assembly of new membranes and cell wall during mitotic cytokinesis.  
Krapp et al (2006) has recently shown that SIN proteins localize to SPBs during 
meiosis and the pathway is activated during meiosis II.  Some SIN temperature 
sensitive mutant cells are defective in FSM assembly which results in unencapsulated 
nuclei (Krapp et al., 2006).  However, as in the case of mitotic cells, the precise 
mechanism linking SIN and FSM assembly during meiotic cytokinesis is not fully 
understood.  How F-actin participates in this process and whether SIN regulates actin 
cytoskeletal function during meiosis are yet poorly understood.  
 
In order to study how SIN regulates the FSM assembly, in Chapter III, I investigated 
the role of a conserved serine-threonine protein kinase Slk1p. Slk1p belongs to the 
 viii
Ndr subfamily of the AGC group of kinases and is analogous to the SIN component 
Sid2p. Slk1p is expressed specifically during meiosis and localizes to the spindle 
pole bodies (SPBs) during meiosis I and II in a SIN dependent manner.  Slk1p also 
localizes to the forespore membrane during sporulation.  Cells lacking Slk1p display 
defects associated with sporulation, leading frequently to the formation of asci with 
smaller and / or fewer spores.  The ability of slk1∆ cells to sporulate, albeit 
inefficiently, is fully abolished when function of Sid2p is compromiised, suggesting 
that Slk1p and Sid2p play overlapping roles in sporulation.  Moreover, increased 
expression of the syntaxin Psy1p rescues the sporulation defect of sid2-250 
slk1∆.  Thus, it is likely that Slk1p and Sid2p play a role in FSM assembly by 
facilitating recruitment of components of the secretory apparatus, such as Psy1p, to 
allow membrane expansion.  These studies thereby suggested that SlN is required to 
couple the growth of FSM to the meiotic nuclear division.  
 
In order to investigate the role of F-actin and how SIN regulates actin cytoskeleton 
during meiosis, in Chapter IV, I analyzed the dynamics of F-actin and characterized 
the role of actin nucleators during sporulation in sin mutant cells. F-actin assembles 
into 4 ring structures per ascus, referred to as the MeiAR (meiotic actin ring).  The 
actin nucleators Arp2p/3p and formin-For3p assemble into ring structures that 
overlap with the leading edge protein Meu14p, whereas F-actin makes rings that 
occupy a larger region behind the leading edge.  Time-lapse microscopy shows that 
the MeiAR assembles near the spindle pole bodies and undergoes an expansion in 
diameter during the early stages of meiosis II, followed by closure in later stages of 
meiosis II.  MeiAR closure completes the process of forespore membrane assembly.  
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Loss of MeiAR leads to excessive assembly of forespore membranes with a 
deformed appearance.  The rate of closure of the MeiAR is dictated by the function 
of the septation initiation network (SIN).  These experiments established the fact that 
the MeiAR ensures proper targeting of the membrane biogenesis machinery to the 
leading edge, thereby ensuring the formation of spherically shaped spores.        
 
In summary, this study provides a novel link between the SIN and vesicle trafficking 
during meiotic cytokinesis.  It may also contribute to a better understanding of the 
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The cell division cycle involves a series of highly coordinated events, which ensure 
that the daughter cells inherit a copy of the genetic material and in many cases 
ensures that the daughters are physically separated.  The last step of the cell division 
cycle is cytokinesis, which splits the mother cell into two daughter cells by addition 
of new separation membranes.  During cytokinesis, cellular organelles, microtubules 
and actin cytoskeleton and cellular membranes undergo well-coordinated re-
modelling to ensure this process is carried out efficiently.  In most eukaryotes, 
especially yeast and metazoans, cytokinesis occurs on a time scale from minutes to 
hours and can be conceptually divided into four steps: specification of the future 
cleavage site, assembly of the actomyosin-based contractile ring, constriction of 
actomyosin ring and assembly of new membrane/cell wall (in yeast and fungi) 
(Balasubramanian et al., 2004; Eggert et al., 2006; Guertin et al., 2002a).  During 
mitosis, the actomysin ring is assembled in the future cleavage site of the cell.  
Following chromosome segregation, the actomyosin ring constricts centripetally.  
This constriction is thought to generate the force for invagination of the plasma 
membrane and concomitantly guides the assembly of the new membrane and/or cell 
wall to form a barrier between the daughter cells.  Cytokinesis is completed when the 
two independent daughter cells are separated physically.  Defective cytokinesis may 
result in irregular cytoplasm segregation, chromosomal gain or loss and even 
polyploidy (Glotzer, 2001).  Studies in a variety of model organisms (e.g. fungi, 
 2
animals, plants) have led to insights into cytokinesis and have revealed the existence 
of conserved and divergent signalling pathways regulating the process of cytokinesis 
(Balasubramanian et al., 2004; Glotzer, 2001; Jurgens, 2005a, b).  The subsequent 
sections will review cytokinesis in several organisms and discuss the function of a 
signalling pathway (Septation Initiation Network, SIN) that pertains this study. 
 
1.1.1 New membrane/cell wall formation 
 
Cytokinesis in all organisms depends on extensive remodelling of the cell 
membranes at the division site (Glotzer, 2001, 2005; Guertin et al., 2002a; Wu et al., 
2003). In animal cells, membrane insertion during cytokinesis occurs by fusion of 
membrane vesicles with the inward movement of the plasma membrane near the 
inner edge of the cleavage furrow (Albertson et al., 2005; Balasubramanian et al., 
2004). Several cytokinesis-specific syntaxins (t-SNARE) have been identified to be 
involved in Golgi-derived vesicle targeting in Xenopus (Glotzer, 2001; Gromley et 
al., 2005), Drosophila melanogaster (Burgess et al., 1997), Caenorhabditis elegans 
(Jantsch-Plunger and Glotzer, 1999) and sea urchin (Conner and Wessel, 1999).  In 
plant cells, new membrane grows in a centrifugal manner, and this centrifugal 
expansion occurs through targeted Golgi-derived vesicles delivery to the spindle 
midzone. These vesicles fuse to form a flattened membrane sheet named a 
phragmoplast at the centre of the cell division site. The phragmoplast then expands to 
reach and fuse with the preexisting plasma membrane to achieve cytokinesis 
(Albertson et al., 2005; Baluska et al., 2006; Jurgens, 2005b). In Arabidopsis, the 
fusion of precursor vesicles to initiate a phragmoplast requires a SNARE protein 
 3
KNOLLE, and a specific Sec1p homologue, KEULE (Assaad et al., 2001; Lauber et 
al., 1997; Waizenegger et al., 2000). Yeasts appear to use two different mechanisms 
for new membrane deposition depending on the pattern of cell cycle regulation.  
During meiosis and sporulation, de novo forespore membrane assembly is initiated 
around the spindle pole bodies (SPBs) and then extends under the guidance of the 
leading edge proteins and the septin complex (Neiman, 2005; Shimoda, 2004). 
However, during vegetative cell cycle, most new membrane addition occurs during 
cell growth in interphase. During cytokinesis, only a small fraction of new membrane 
and new cell wall materials are deposited at the division site. In fission yeast, 
Brefeldin A (BFA), a drug that blocks membrane trafficking of newly synthesized 
proteins from the Endoplasmic Reticulum (ER) to the Golgi apparatus (Turi et al., 
1994), blocks cytokinesis (Brazer et al., 2000).  In budding yeast, the majority of 
new membrane assembly happens during bud growth at G1, and the minor fraction 
of addition occurs at the bud neck and couples with constriction of the actomyosin 
ring during cytokinesis (Balasubramanian et al., 2004; Wu and Pollard, 2005; Wu et 
al., 2006). In budding yeast, new membrane assembly occurs by fusion of Golgi-
derived vesicles mediated by t-SNARE protein Sso1p or Sso2p, along with another t-
SNARE Sec9p (Aalto et al., 1993; Brennwald et al., 1994). The new membrane 
addition in fission yeast is also mediated by t-SNARE protein Psy1p (Nakamura et 
al., 2001; Shimoda, 2004)). In yeast, the membrane addition machinery and the ring 
constriction machinery are dependent on each other mechanistically. In budding 
yeast, cell cycle-regulated trafficking of the chitin synthase Chs2p controls 
actomyosin ring stability during cytokinesis (Cabib, 2004; VerPlank and Li, 2005). 
In fission yeast, inhibition of membrane vesicle delivery by the vesicle transport 
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inhibitor brefeldin-A or mutants of cell wall synthesis enzymes (Cps1p) causes 
defects in ring contraction (Cortes et al., 2002; Le Goff et al., 1999; Liu et al., 1999; 
Liu et al., 2000b). 
 
Taken together, although different cell types use different modes of cytokinesis, 
elements important for membrane targeting and vesicle fusion are highly conserved. 
The fusion and targeting of Golgi-derived vesicles during cytokinesis appear to be 
mediated by a specialized SNARE complex.  
 
1.1.2 Actomyosin ring assembly in animal cells 
 
In animal cells, the cell division site is determined during anaphase by midzone 
antiparallel microtubules, astral microtubules and midspindle (Devore et al., 1989). 
Initiation of cytokinesis begins shortly after anaphase onset when the mitotic spindle 
begins to elongate. An equatorial actomyosin ring is assembled at the division site in 
late anaphase.  This dynamic actomyosin contractile ring is essential for the 
progression of cytokinesis in animal cells.  F-actin and non-muscle myosin II were 
identified to be the main components of the actomyosin contractile ring at the 
cleavage furrow (Forer and Behnke, 1972; Fujiwara and Pollard, 1976; Fujiwara et 
al., 1978).  In myosin II mutant cells or in the cells microinjected by anti-myosin II 
antibodies or anti-sense RNA, the function of myosin II is blocked, and as a result, 
the cleavage furrow fails to ingress (Guo and Kemphues, 1996; Karess et al., 1991; 
Mabuchi and Okuno, 1977; Shelton et al., 1999; Young et al., 1993).  These 
observations demonstrate that the non-muscle myosin II generates the mechanical 
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force to drive furrow ingression.  Satterwhite et al (1992) reported that the 
phosphorylation state of the regulatory light chain of myosin (MRLC) changes 
during the cell cycle, suggesting that the phosphorylation of MRLC, which produces 
the ingression force, is critical for the progression of cytokinesis (Satterwhite et al., 
1992; Trotter and Adelstein, 1979). 
 
With the identification of F-actin involved in actomyosin ring assembly (Forer and 
Behnke, 1972; Fujiwara and Pollard, 1976; Fujiwara et al., 1978), the function of 
some actin regulating proteins including profilin, alpha-actinin, tropomyosin, anillin, 
filamin, talin, radixin, and cofilin, have also been revealed in cytokinesis (Field and 
Alberts, 1995; Fujiwara et al., 1978; Gunsalus et al., 1995; Mabuchi et al., 1985; 
Nunnally et al., 1980; Oegema et al., 2000; Sanger et al., 1994; Sanger et al., 1984). 
Profilin, an actin-monomer binding protein, is required for cyokinesis in C. elegans 
and D. melanogaster by regulating actin polymerization (Giansanti et al., 1998; 
Severson et al., 2002; Verheyen and Cooley, 1994). Alpha-actinin, an actin cross-
linking protein, also localizes to the cleavage furrow in sea urchin eggs (Mabuchi et 
al., 1985) and mammalian cells (Sanger et al., 1987). Tropomyosin, an actin side-
binding and stabilizing protein, was also found to be involved in the formation of 
cleavage furrow in metazoan cells (Clayton and Johnson, 1998). Hence, these 
proteins participate in various aspects including cross-linking and/or stabilization of 
F-actin, in order to anchor the actomyosin ring to the plasma membrane and/or 
organize F-actin and myosin II into a dynamic contractile ring at the cleavage furrow.  
 
1.1.3 Spindle/ Phragmph formation in plants 
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Unlike animal cells, in higher plants cytokinesis is entirely a process of membrane 
and cell wall deposition—without any requirement for a contractile ring. Cytokinesis 
in plants is achieved by de novo formation of the cytokinetic organelle known as cell 
plate, which comprises polysaccharides (cell wall material) and membranous 
structures. Different from the cases in yeast and animal cells, where new membrane 
is added to the preexisting cell membrane, new membrane formation in plants starts 
in the centre of the cell and extends outward until it connects to the plasma 
membrane (Jurgens, 2005a, b). It is suggested that two specialized cytoskeletal 
arrays, the preprophase band and the phragmoplast, play pivotal roles in plant 
cytokinesis (Lloyd and Hussey, 2001). The preprophase band is derived from a 
cortical microtubule band which marks the future division site during G2 and 
disassembles at metaphase (Van Damme et al., 2007; Van Damme and Geelen, 
2008). The phragmoplast originates from an array of the mitotic spindle microtubules 
during late anaphase. Membrane vesicles, together with the cell wall synthesis 
materials, travel along the track of these microtubules to the centre of the 
phragmoplast to form a cell plate. The cell plate expands laterally because these 
vesicles deposit on the outer margins of the growing cell plate (Otegui et al., 2005). 
Recent studies have indicated that dynamic organization of the phragmoplast 
depends on microtubules, microtubule-associated proteins and kinesin-related motors 
(Otegui et al., 2005). Moreover, the expression of these cytokinetic proteins is in a 
cell-cycle dependent manner, which ensures that cytokinesis is tightly coordinated 
with mitosis (Jurgens, 2005a, b).  
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1.1.4 Meiotic cytokinesis during sporulation in yeast 
 
In yeast, mitotic cytokinesis is driven by a combination of actomyosin ring-mediated 
ingression of the plasma membrane and the deposition of septum materials, to create 
two daughter cells endowed with a complete set of chromosomes and cytoplasmic 
organelles. During meiosis, the equivalent event in yeast to generate the daughter 
cells is sporulation. Sporulation, which is acknowledged to gametogenesis in higher 
organisms, is a complex differentiation program induced by starvation of cells for 
nitrogen and/or carbon. It is a developmental process that involves two 
overlapping/tightly coordinated events, meiosis and spore formation. Within the 
mother cell cytoplasm, four haploid nuclei produced by meiosis are packaged into 
individual, stress-resistant ascospores by de novo synthesis of four separated double-
layered intracellular membranes and the spore wall (Neiman, 2005; Piekarska et al., 
2010; Shimoda, 2004; Yoo et al., 1973).  The process of generation of a double-
membrane sheet closes around a nascent haploid nucleus to complete cell division, is 
equivalent to cytokinesis in mitotic growth and is referred to as meiotic cytokinesis.  
 
1.1.4.1 Sporulation in budding yeast 
 
Budding yeast Saccharomyces cerevisiae (S. cerevisiae) cells, in the presence of rich 
nutrients, undergo mitotic cycle and proliferate in a budding mechanism to generate 
daughters.  In the event of complete depletion of nitrogen and the presence of a 
nonfermentable carbon source such as acetate, haploid cells exit the mitotic cycle 
from G1 phase and enter a stationary phase or mate to generate a zygote. The zygote 
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and starved diploid cells initiate sporulation program (Neiman, 2005).  Sporulation 
consists of two coupled processes, meiosis and spore morphogenesis.  During 
meiosis, reducing the ploidy of the cells, is preceded by a single round of premeiotic 
DNA replication, followed by homologous chromosomes pairing and DNA 
recombination in meiotic prophase I. This is followed by two rounds of nuclear 
division, meiosis I (MI) and meiosis II (MII), leading to the formation of four 
haploid nuclei. Spore formation begins during meiosis II. It involves building of the 
double-membrane sheets termed prospore membranes (PSMs) and the spore wall.   
 
In budding yeast, the SPB (the micotubule-organizing centre) spans the nuclear 
envelope. At the onset of meiosis II, the SPBs are modified to a multilaminar 
structure with three plaques. The inner plaque is required for nucleating the spindle 
microtubules. The central plaque, which contains the Spc42 protein, spans the 
nuclear envelope (Ishihara et al., 2001). The outermost plaque, consisting of Cnm67p, 
Nud1p, Mpc54p, Spo21p, Spo74p and Ady4p, is the organizing centre for 
cytoplasmic microtubules and is essential for PSM formation.  In the meiotic SPB, 
the coiled-coil protein Cnm67p links the central plaque to the outermost plaque 
(Neiman, 2005). In cnm67 null mutant cells, there are no outer plaque structures at 
the SPB, resulting in failure of PSM formation (Brachat et al., 1998; Schaerer et al., 
2001). In the mpc54, spo21, or spo74 mutants, a fraction of cells do form PSMs; 
however, these membranes are not anchored to the SPBs and fail to capture nuclei 
(Bajgier et al., 2001; Knop and Strasser, 2000; Nickas et al., 2003). All these results 
suggest that the outer plaque is essential for assembly of precursor vesicle into a 
prospore membrane and anchoring the membrane to the nucleus. 
 9
 
Once the meiosis II outer plaque assembles into a site for docking of precursor 
vesicles, the fusion of vesicles with the PSM is activated. In budding yeast, the t-
SNARE consists of syntaxin proteins Sso1p and Sso2p, but only the Sso1p is 
required for the fusion of secretory vesicles into a PSM (Neiman, 2005). In addition, 
Sec9p and Spo20p encode SNAP-25 homologues in fission yeast (Brennwald et al., 
1994; Neiman, 1998). a sec9 or spo20 single mutant produces abnormal PSM, 
whereas a spo20 sec9-ts double mutant displays no prospore membranes, suggesting 
that t-SNARE  protein Sec9p plays an overlapping role with sporulation specific 
protein Spo20p in prospore membrane formation (Neiman, 2005). spo14, encoding 
the lipid-modifying enzyme phospholipase D (PLD), hydrolydyzes the choline head 
group of phosphatidylcholine to produce phosphatidic acid. spo14 mutant shows 
sporulation specific phenotypes by arresting the PSM formation at the SPBs (Rudge 
et al., 1998a; Rudge et al., 1998b), suggesting that the production of phosphatidic 
acid is critical for membrane assembly. All these results suggest that both SNARE 
complex and phosphatidic acid function specifically in PSM formation through 
regulating the vesicle fusion.  
 
After the membrane precursor cap has docked by fusion of vesicles on the SPBs, the 
PSM expands to engulf the nuclear lobe by continuous vesicle fusion. Two 
membrane-associated complexes have been identified to be involved in the proper 
prospore shape by controlling membrane expansion: the septin complex and the 
leading-edge protein complex (LEP). During sporulation, the septin proteins Cdc3p, 
Cdc10p, Cdc11p, Cdc12p and Sep7p, together with Spr3p, Spr28p, Gip1p and Glc7p, 
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form a septin complex (De Virgilio et al., 1996; Frazier et al., 1998; Gale et al., 2001; 
Jeong et al., 2001; McMurray and Thorner, 2008; Neiman, 2005; Pablo-Hernando et 
al., 2008; Tachikawa et al., 2001). Septins appear first to be organized as rings near 
the SPBs when PSMs are small. And then it expands into a pair of bars that run 
parallel to the long axis of the PSM as the membrane expands. 3-D reconstructions 
reveal that the bars become a pair of sheets running on opposite sides of the 
membrane.  In addition, Tachikawa et al (2001) reported that septin is regulated by 
Gip1p and Glc7p (Gip1p encodes a sporulation-specific regulatory subunit of the 
Glc7p phosphatase). In gip1 or glc7 mutant, the septin complex fails to localize to 
the prospore membrane, resulting in smaller prospore membranes and failure to 
assemble spore wall (Tachikawa et al., 2001). The LEP was revealed as an electron-
dense coat, located at the lip of each growing prospore membrane in electron 
micrographs. The complex contains three components: Ssp1p, Ady3p and Don1p 
(Maier et al., 2007; Moreno-Borchart et al., 2001; Moreno-Borchart and Knop, 
2003). It forms a ring-like structure at the leading edge of the growing prospore 
membrane, but the structure is distinct from the septin sheet structure (Neiman, 
2005).  In don1 null mutant cells, the Ssp1p and Ady3p still localize to the leading 
edge, producing no obvious sporulation defect. In ady3 null mutant cells, Ssp1p 
rather than Don1p localizes to the prospore membrane lip, leading to abnormal 
prospores without a mature spore wall. In ssp1 null mutant cells, the other two 
proteins fail to localize to the leading edge, resulting in a tubular-like prospore 
membrane or abnormal prospore membrane that fails to engulf the nuclei (Moreno-
Borchart et al., 2001). All these results suggest that the LEP might function in 
prospore membrane growth/ closure, and subsequent spore wall deposition.  
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The closure of the PSM completes the meiotic cytokinesis. The formation of the 
spore wall begins after PSM closure. The maturation of the ascospores requires the 
assembly of a four-layered spore wall. The layers of the spore wall seem to be 
deposited in a temporal order. First, the innermost mannan layer is laid down, 
subsequently beta-1,3-glucan is deposited outwards, then two spore specific layers 
assemble: a layer of chitosan (beta-1,4,-linked glucosamine)(immediately outside of 
beta-glucan), following an outmost layer of dityrosine (Choi et al., 1994; Neiman, 
2005). However, the mechanism of coordinating the sequential formation of layers is 
poorly understood. 
 
1.1.4.2 Actin cytoskeleton during sporulation in budding yeast 
 
In budding yeast, during sporulation many proteins and enzymes required for the 
assembly of the spore wall are transported to form PSMs through vesicle trafficking 
(Lynn and Magee, 1970; Smits et al., 2001). The vesicle trafficking between the 
plasma membrane and internal compartments is mediated by endocytosis. In addition, 
many actin mutants (e.g. act1) showed a defect in coordination of endocytosis and 
sporulation, suggesting that actin might affect the sporulation through endocytosis in 
budding yeast (Whitacre et al., 2001). In budding yeast, during mitosis, actin is 
observed as an extensive array of patches and long cables; during meiosis, actin also 
appears as patches and network-like actin filaments (Morishita and Engebrecht, 
2005). Upon completion of meiosis, the actin filaments disappear and the actin 
patches diffuse at the surface of the individual prospore (Morishita and Engebrecht, 
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2005). Taxis et al (2006) took time-lapse microscopy movies of Abp140p-4GFP 
(Abp140p, a marker labelling actin cables) and found that Abp140p-4GFP formed 
actin cables throughout the whole process of PSM assembly. Tpm1p and Tpm2p 
encode two tropomyosins but having distinct yet overlapping functions in binding to 
F-actin (Drees et al., 1995). tpm2∆ tpm1-2 mutant disrupts the formation of actin 
cables (Taxis et al., 2006).  Myo2p, a class V myosin in budding yeast, supports 
actin filament gliding (Chang et al., 2008) . Either myo2-16 or tpm2∆ tpm1-2 strain 
did not show any difference in their sporulation efficiency compared with the 
controlled cells, which indicates that the actin cables are not essential for meiosis and 
spore formation (Chang et al., 2008; Taxis et al., 2006). Arp2p is a key subunit of the 
Arp2/3p complex required for the integrity and mobility of actin patches (Winter et 
al., 1999).  arp2-1 cells form no functional spores associated with a defect in 
chitosan layer formation when  cells sporulated at restrictive temperature (Taxis et al., 
2006).  All these results suggest that actin patches and the Arp2/3p complex are 
involved in the formation of chitosome analogous structures and are essential for 
spore wall formation rather than meiotic progression or PSM assembly (Taxis et al., 
2006).  
 
In fission yeast, during meiosis actin cytoskeleton also shows a striking array of F-
actin rearrangements. During meiosis, F-actin is first detected in patches until 
completion of meiosis I; then it assembles into ring-like structures during meiosis II 
and is detected in randomly organized patches in forespores (Itadani et al., 2006; 
Ohtaka et al., 2007; Petersen et al., 1998).  Peterson (1998) observed that fission 
yeast cells treated with Latrunculin A (Lat A) which depolymerizes the actin 
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filaments, showed the formation of immature spores.  However, how F-actin and its 
nucleators (Arp2p, Arp3p and For3p et al) participate in this sporulation process and 
how actin cytoskeletal function is regulated during meiosis are not fully understood. 
 
1.2 Fission yeast as a model organism  
 
The fission yeast S. pombe is a simple unicellular organism with a cylindrical shape 
and undergoes polarized growth at the cell tips. It has been widely used to analyse 
the basic eukaryotic cell cycle, including mechanisms of chromosome segregation, 
cell morphology, cell cycle regulation and cytokinesis (Balasubramanian et al., 2004; 
Simanis, 2003; Yamamoto, 1996). Moreover, with its ease of induction of meiosis in 
the laboratory and rapid progression of meiosis, it has become a suitable model 
organism to study mechanism of during sexual reproduction, including meiotic 
nuclear division and sporulation (Egel, 2000; Shimoda, 2004). 
 
Fission yeast is amenable to genetic, molecular and cell biological methods. Mutant 
cells defective in various biological processes such as cell cycle, cytokinesis, 
morphogenesis and sporulation have been isolated in recent decades (Hirano et al., 
1986; Nurse et al., 1976; Shimoda, 2004; Snell and Nurse, 1994). The cdc mutants 
(cell division cycle) are defective in various aspects including DNA replication, 
mitotic entry, and cytokinesis (Nurse et al., 1976). Cytokinetic mutants of rng (ring) 
and sin (septation initiation network) classes are defective in various aspects of cell 
division (Balasubramanian et al., 1998). Most rng genes encode the structural 
elements of the actomyosin-based contractile ring, whereas the sin genes encode 
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proteins in a regulatory signalling cascade that regulates actomyosin ring 
maintenance and septum assembly (Balasubramanian et al., 1998). A number of 
meiosis specific genes (mei or meu), which are required for mating, chromosome 
segregation or sporulation, have also been identified (Mata et al., 2002; Shimoda, 
2004; Yamamoto, 1996). 
 
In fission yeast, studies of gene function can be easily conducted using the targeted 
knock-out method based on homologous recombination. The sub-cellular localization 
of a protein can also be addressed by fusing it to a reporter gene such as green 
fluorescent protein (GFP). Direct microscopic examination of cell growth, cell 
division or meiotic events in living yeast cells in real time is commonly applied. In 
addition, with the genome fully sequenced (Wood et al., 2002), systematic mutant 
screening has contributed significantly to our current understanding of unicellular 
differentiation in S. pombe.   
 
1.2.1 The fission yeast cell cycle  
 
In all living organisms, cell division or reproduction occurs by a well coordinated 
series of events, collectively called the cell cycle, whereby chromosomes and other 
organelle elements are duplicated and inherited to the next generation through either 
mitosis or meiosis.  S. pombe cells divide by two modes: mitotic cell cycle and 
meiotic cell cycle. Cells undergo mitotic cell cycle in rich medium, whereas they 
enter the meiotic cell cycle when they are starved of nutrition, especially nitrogen.  
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1.2.1.1 Mitotic cell cycle  
 
Mitosis produces two daughter cells that are identical to the mother cell in terms of 
ploidy.  The cell cycle in S. pombe consists of two major phases: Interphase (I) and 
Mitosis (M). Interphase has been further subdivided into G1 (gap) phase, S 
(synthesis) phase and G2 (gap) phase sequentially. Major processes of interphase 
include intensive cell growth and replication of the genetic material.  Chromosomes 
replicate during the S phase to ensure that each daughter cell receives a set of 
chromosome during mitosis. Mitosis is conventionally divided into five stages in a 
continuous process: prophase, prometaphase, metaphase, anaphase and telophase. It 
is a form of eukaryotic cell division that produces two daughter cells inheriting the 
same genetic components as the mother cell.  
1.2.1.2 Meiotic cell cycle 
Fission yeast cells of opposite mating type (h+ and h-) mate to form zygotes in 
nitrogen-depleted medium. Zygotes or diploid cells initiate sexual development and 
undergo meiosis and sporulation to generate haploid ascospores within the mother-
cell cytoplasm (Yamamoto, 1996). During meiosis, a single round of DNA 
replication is followed by two consecutive rounds of chromosome segregation 
(Meiosis I and Meiosis II). Similarly, meiosis contains meiosis I (metaphase I, 
anaphase I) and meiosis II (metaphase II, anaphase II,).  
 
1.2.1.3 Cell cycle regulation in fission yeast 
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In S. pombe, the cyclin-dependent kinases (CDKs), in conjunction with their 
regulatory partners of cyclins, regulate the major cell cycle transitions during both 
mitotic and meiotic cell cycles.  
 
During mitotic cell cycle, the B-cyclins Cig2p and Cig1p control G1/S phase 
transition (Connolly and Beach, 1994; Martin-Castellanos et al., 1996; Obara-
Ishihara and Okayama, 1994). Cdc13p is the M-phase cyclin and regulate G2/M 
transition (Booher and Beach, 1987; Hagan et al., 1988). The three cyclins form 
complexes with Cdc2p, respectively. Hence, the Cdc2p activity is controlled at 
multiple levels through phosphorylation/dephosphorylation, cyclin partners and the 
inhibitor proteins. For example, Cdc2p in Cdc2p-Cdc13p complexes is negatively 
regulated by phosphorylation at Tyrosine-15 (Y15) inhibitory residue catalyzed by 
the inhibitory kinases Wee1p  and Mik1p (Featherstone and Russell, 1991; Gould 
and Nurse, 1989; Lee et al., 1994; Lundgren et al., 1991; Parker et al., 1992; Parker 
and Piwnica-Worms, 1992). Until later at the G2/M boundary, when the Y15 residue 
is de-phosphorylated by the activating phosphatase Cdc25p (Millar et al., 1991), 
Cdc2p-Cdc13p complex is activated to ensure cell entry into mitosis (Buck et al., 
1995; Russell and Nurse, 1987). After chromosome segregation, the Cdc2p-Cdc13p 
activity is down-regulated to promote cytokinesis. Finally, Cdc13p is degraded by 
the anaphase promoting complex/cyclosome (APC/C). 
 
During meiotic cell cycle, Cdc2p is required for premeiotic DNA replication 
(Grallert and Sipiczki, 1990; Iino et al., 1995) as well as the two following meiotic 
divisions (Borgne et al., 2002; Grallert and Sipiczki, 1990, 1991; Iino et al., 1995). 
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The inhibitory Y15 phosphorylation of Cdc2p appears after premeiotic DNA 
replication when Wee1p activity increases (Daya-Makin et al., 1992). The Y15 
phosphorylation residue is removed by Cdc25p during meiotic divisions (Iino et al., 
1995). cig2 mRNA is induced to transcribe during conjugation or in cells under 
nitrogen starvation. Lacking cig2 enhances conjugation, implying that Cig2p is likely 
to be a negative regulator of the initiation of conjugation and meiosis (Obara-Ishihara 
and Okayama, 1994). Cig2p is also required for the temporal control of nuclear 
divisions and the efficient completion of Meiosis II (Borgne et al., 2002). Another 
cyclin Cdc13p is also induced by the transcription factor Mei4 during meiosis, which 
leads to the peaking activity of the Cdc2p-Cdc13p kinase observed during meiotic 
divisions (Iino et al., 1995; Murakami and Nurse, 1999).  
 
1.2.2 Actomyosin ring assembly in fission yeast 
 
The cylindrical S. pombe cells undergo medial fission in an actomyosin ring 
dependent manner. The division site selection is established prior to entry into 
mitosis and depends on both nucleus and anillin-like protein Mid1p/Dmf1p (Chang 
et al., 1996; Sohrmann et al., 1996). The actomyosin ring assembles at the cell centre 
during late G2 and/or early M phase before nuclear division, and then constricts 
during anaphase.  
 
Decades of studies have identified more than 50 associated proteins that are involved 
in the actomyosin ring assembly (Balasubramanian et al., 2004; Wu et al., 2003). 
They include actin; the myosin heavy chain Myo2p; essential myosin light chain 
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Cdc4p; myosin assembly factor Rng3p; IQGAP-related protein Rng2p; formin 
Cdc12p; profilin Cdc3p; tropomyosin Cdc8p; and F-BAR domain protein Cdc15p 
(Balasubramanian et al., 1992; Balasubramanian et al., 1994; Chang et al., 1997; 
Eng et al., 1998; Fankhauser et al., 1995; Kitayama et al., 1997; McCollum et al., 
1995; Wong et al., 2000). All these proteins are key components in the actomyosin 
ring and are essential for cytokinesis. Loss of function of these genes results in 
cytokinesis failure with accumulation of multiple nuclei.  
 
Some other proteins have also been identified in the actomyosin ring and appear 
critical for the cytokinesis particularly under certain conditions. They include the 
unconventional myosin heavy chain Myp2p, regulatory light chain Rlc1p, α-actinin 
Ain1p, fimbrin Fim1p, Cdc15-like protein Imp2p and Pxl1p (Bezanilla et al., 1997; 
Demeter and Sazer, 1998; Ge and Balasubramanian, 2008; Motegi et al., 1997; 
Naqvi et al., 2000; Pinar et al., 2008; Wu et al., 2001). In addition, an actin severing 
protein Adf1p is also required for formation and maintenance of the actomyosin ring, 
which might further imply that the actomyosin ring in fission yeast is highly dynamic 
and undergoes dramatic turnover (Pelham and Chang, 2002; Wong et al., 2002).  
 
Two models have been proposed with regards to the mechanisms of assembling these 
multiple proteins into a dynamic contractile ring (Mishra and Oliferenko, 2008). The 
first model suggested that the actomyosin ring originates from a single spot-like 
structure (Wong et al., 2002). Several ring components including Cdc12p and 
Cdc15p assemble into this spot-like structure in late G2 (Carnahan and Gould, 2003; 
Chang, 1999; Kitayama et al., 1997; Wong et al., 2002). It is suggested that the spot 
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provides a single nucleation site for assembling actomyosin cables (Mishra and 
Oliferenko, 2008). Subsequently, further nucleation/elongation of a leading F-actin 
cable that originates from the single spot, generates actin networks with bidirectional 
cables (Arai and Mabuchi, 2002; Kamasaki et al., 2007). A dynamic and compact 
actomyosin ring is formed through the sliding of F-actin network (Mishra and 
Oliferenko, 2008). The second model of actomyosin ring assembly is known as 
search, capture, pull, and release (SCPR) mechanism and is mainly based on careful 
analysis of node movements using high temporal and spatial resolution microscopy 
and mathematical modelling (Vavylonis et al., 2008; Wu et al., 2006). This SCPR 
model suggests that the actomyosin ring is initiated from a broad band of cortical 
proteins rather than a single nucleation spot. The actomyosin ring components 
assemble successively at the division site during early mitosis (Wu et al., 2003). 
Thus, prior to entry into mitosis, an anillin-related protein Mid1p cycles from the 
nucleus to the cell medial cortex and forms a broad cortical band of nodes. These 
Mid1p nodes recruit the actomyosin ring components: myosin II essential light chain 
Cdc4p and IQGAP Rng2p, which then binds myosin II heavy chain Myo2p and 
regulatory light chains Rlc1p. At late G2, the Mid1p nodes recruit F-BAR protein 
Cdc15p. Condensation of the broad band nodes into a compact ring at the cell 
equator occurs by recruiting actin-nuleating formin Cdc12p from the onset of mitosis 
to the end of anaphase (Laporte et al., 2011; Padmanabhan et al., 2011). Moreover, 
during this stage, tropomyosin Cdc8p and Ain1p also condense into the compact ring 
(Wu et al., 2003).  In summary, the SCPR model proposes that Mid1p recruits 
cortical nodes containing Cdc4p, Rng2p, Myo2p, Rlc1p, Cdc15p and followed by 
actin nucleating factor Cdc12p (Laporte et al., 2011; Padmanabhan et al., 2011; Wu 
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et al., 2006). It is supposed that the F-actin filaments are nucleated by the nucleating 
formin Cdc12p in random directions; Myo2p present on adjacent nodes captures the 
actin filaments and generates the force to pull nodes together. The connection 
between nodes is transient and constantly released because of unstable connections 
between actin filaments and Myo2p. Hence, the repeated activity of “search-capture-
pull-release” leads to condensation of the various cortical nodes into an actomyosin 
contractile ring (Vavylonis et al., 2008).  
 
1.2.3 Sporulation in fission yeast  
 
Like in budding yeast, fission yeast sporulation is a developmental process and 
involves many sequential, tightly coordinated events. At the onset of meiosis II, a de 
novo double-layered membrane called forespore membrane (FSM) is initiated 
dynamically at the outer region of each modified SPB. FSMs undergo extension and 
form cup-like structures, that eventually encapsulate each of the four haploid nuclei. 
Later on, the inner leaflet becomes the plasma membrane of the forespores, the outer 
leaflet covers the spore walls during early sporulation and disintegrates after spore 
maturation. Spore walls are synthesized by the deposition of wall materials—lipids 
and polysaccharides—between the inner and outer layers of the FSM (Shimoda, 
2004). 
 
The process of forespore formation in fission yeast appears to be cytologically 
similar in all ascomycetes. An understanding of the various aspects of spore 
formation is relevant to more general events in eukaryotic cells. Particularly, many 
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new membrane compartments are formed de novo during meiotic cytokinesis in 
fission yeast. Similarly, during mitosis, in plant cells, secretory vesicles aggregate at 
the centre of the cell division site and fuse to form a de novo phragmoplast. The 
phragmoplast then expands by continuous vesicle fusion, and finally connects to the 
preexisting plasma membrane to complete cyokinesis (Bednarek and Falbel, 2002; 
Smith, 1999; Verma, 2001). Hence, sporulation in fission yeast provides another 
attractive model system for the study of both temporal and spatial coordination 
mechanisms between the de novo synthesis of new membranes and nuclear division 
within the mother cell cytoplasm (Moreno-Borchart and Knop, 2003; Shimoda, 
2004; Shimoda et al., 2004). 
 
1.2.3.1 Meiotic SPBs function as FSM-organizing centres 
 
Temporal and spatial coordination of meiotic nuclear divisions with FSM assembly, 
called meiotic cytokinesis, is essential for accurate distribution of the genome into 
four haploid ascospores in fission yeast. A key structure that couples these two 
events is the SPB, the functional equivalent of the centrosome of animal cells. In 
meiosis II, at the metaphase-to-anaphase transition, SPB changes its shape transiently 
from a compact dot to a crescent (Hagan and Yanagida, 1995; Ikemoto et al., 2000). 
This change results in the formation of a multilayered SPB structure called “meiotic 
plaque (Hirata and Shimoda, 1994; Nakase et al., 2004; Tanaka and Hirata, 1982).  
The inner side of SPB plaque nucleates and organizes microtubules, whereas the 
modified outer plaque acts as a platform for the assembly of the FSMs (Hirata and 
Shimoda, 1994; Nakase et al., 2004; Tanaka and Hirata, 1982). Several coiled-coil 
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proteins are specifically recruited to construct the outer plaque of the modified SPBs 
and play indispensable roles in FSM assembly. The constitutive SPB protein Spo15p 
is located on the meiotic outer plaque and plays a critical role in the recruitment of 
the sporulation-specific proteins Spo13p and Spo2p to the cytoplasmic surface of the 
meiotic SPB. In spo15, spo2 or spo13 mutant cells, SPB modification is abolished 
and FSM is totally defective (Ikemoto et al., 2000; Nakase et al., 2008a). Although 
there is no physical interaction between Spo15p and Spo13p, Spo2p can physically 
interact with both Spo15p and Spo13p, suggesting that Spo2p might bridge Spo13p 
and Spo15p. Thus, the SPB proteins necessary for sporulation accumulate at the SPB 
in a hierarchic manner. In addition, Spo15p becomes unstable in the absence of 
Spo13p during meiosis II, further suggesting that these three proteins form a tight 
complex on the meiotic SPB and Spo13p plays a major role in the initiation of FSM 
formation (Ikemoto et al., 2000; Nakase et al., 2008a). Recently, Itadani et al 
reported that Calmodulin, Cam1p, plays an indispensable role in the SPB 
modification. In cam1-22 cam1-117 double mutant cells, Spo15p is unstable, leading 
to the failure SPB localization of Spo2p and Spo13p, and as a result, the onset 
assembly of forespore membrane is blocked (Itadani et al., 2010). Hence, fission 
yeast calmodulin Cam1p is involved in this ordered recruitment of Spo15p, Spo2p 
and Spo13p to SPBs (Itadani et al., 2010). 
 
1.2.3.2 Forespore membrane assembly during sporulation 
 
In fission yeast, after SPB structural modification and maturation, FSMs accumulate 
at the meiotic outer plaque of SPBs and expand by membranous vesicle fusion 
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(Nakamura et al., 2001). The SNARE complex comprises t- SNAREs (syntaxin-1A 
Psy1p), the v-SNARE (synaptobrevin Syb1p) and SNAP-25 (Sec9p) (Edamatsu and 
Toyoshima, 2003; Maeda et al., 2009; Nakamura et al., 2005), and mediates the 
docking and/or fusion of post-Golgi vesicles to form FSMs (Gotte and von Mollard, 
1998; Weimer and Jorgensen, 2003). The t- SNARE Psy1p, the functional equivalent 
(Sso1p and Sso2p) in budding yeast (Aalto et al., 1993; Marash and Gerst, 2001; 
Yuan and Jantti), contains one C-terminal transmembrane domain and two coiled-
coil regions which might interact with the coiled-coil domains of the v-SNARE (such 
as Syb1p) on the donor membrane (Gotte and von Mollard, 1998). The v-SNARE 
Syb1p localizes to the plasma membrane in the medial region and cell tips during 
vegetative growth (Edamatsu and Toyoshima, 2003), and to the FSM during 
sporulation (Maeda et al., 2009). psy1-S1 mutant shows defective in FSM assembly 
even at the permissive temperature (Maeda et al., 2009), implying that SNARE 
complex might be necessary for correct extension of FSM. A meiotically expressed 
coiled-coil protein Spo3p is also essential for the assembly of FSM (Nakamura et al., 
2001). Both Psy1p and Spo3p localize to FSM during meiosis, except that Psy1p 
remains in plasma membrane of the mature spores (Maeda et al., 2009; Nakamura et 
al., 2001; Nakamura et al., 2008).  High-copy Psy1p could rescue the sporulation 
defect phenotype in spo3 null and sec9-10 mutants (Hirata and Shimoda, 1992; 
Nakamura et al., 2001; Nakamura et al., 2005).  All these results suggest that the 




As in S. cerevisiae, the secretory pathway in S. pombe is also required for proper 
FSM extension. Spo14p (Sec12p in S. cerevisiae), a GDP/GTP exchange factor for 
the Sar1 GTPase, is involved in the endoplasmic reticulum (ER) secretory pathway 
(Barlowe and Schekman, 1993; d'Enfert et al., 1991; Nakamura-Kubo et al., 2003). 
Spo20p (Sec14p in S. cerevisiae), a phosphatidylinositol/phosphatidylcholine 
(PI/PC)-transfer protein, is essential for formation of Golgi-derived vesicles (Cleves 
et al., 1989; Nakase et al., 2001; Ohashi et al., 1995). In spo14 or spo20 mutants, the 
FSMs initiate normally but fail to extend in half way, because of a lacking of supply 
of membrane vesicles for FSM extension, implying that the FSMs expand through 
active fusion of ER/Golgi-derived vesicles (Nakamura-Kubo et al., 2003; Nakase et 
al., 2001; Nakase et al., 2004). 
 
Recent studies reveal that phosphoinositide-mediated membrane trafficking also 
contributes to the development of the FSM (Onishi et al., 2003). Pik3p/Vps34p 
(phosphatidylinositol 3-phosphate (PtdIns(3)P)) is a phosphatidylinositol 3-kinase. 
Cells lacking pik3 exhibit defects in various aspects of FSM formation, including 
aberrant extension, disoriented extension, failure of closure and encapsulation nuclei 
(Onishi et al., 2003). These experiments suggest that Pik3p plays multiple roles in 
sporulation. The downstream targets of PtdIns(3)P during sporulation include two 
sorting nexins, Vps5p and Vps17p, and the FYVE domain-containing protein 
Sst4p/Vps27p (Iwaki et al., 2003; Koga et al., 2004; Onishi et al.; Onishi et al., 
2007)). 
 
1.2.3.3 Leading edge proteins at the tip of the FSM 
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How do the FSMs extend in a properly oriented manner, and close to form properly 
dimensioned spherical spores? In S. cerevisiae, the prospore membranes grow under 
the guidance of the septin complex and the LEP (Moreno-Borchart et al., 2001; 
Neiman, 2005). The LEP includes Don1p, Ady3p and Ssp1p (Moreno-Borchart et al., 
2001; Nickas and Neiman, 2002).  However, no homologous proteins have been 
found in S. pombe, although the functional equivalent protein Meu14p was reported 
to localize to the leading edge of the FSM (Okuzaki et al., 2003; Shimoda, 2004). 
During meiosis, the meiotically expressed coiled-coil protein Meu14p first appears 
inside the nuclear region at prophase II, it then accumulates beside the cytoplasmic 
sides of SPBs at metaphase II. Thereafter, it forms leading ring structure at the tip of 
each FSM at early anaphase II, and is localized into spore walls at the end of 
sporulation. Deletion of meu14 causes aberrant FSM formation and a failure in SPB 
modification, which suggests that Meu14p guides the formation of the forespore 
membrane and stabilizes the SPB structure (Okuzaki et al., 2003; Shimoda, 2004).  
Itadani et al (2006) reported that Camodulin protein Cam2p, Myo1p (a heavy chain 
of type I myosin) and F-actin accumulate near Meu14p rings at the leading area of 
FSMs during meiosis II (Itadani et al., 2006; Petersen et al., 1998). Myo1p is critical 
for sporulation by regulating the redistribution of F-actin to couple with meiotic 
events (Toya et al., 2001). While cam2-deletion mutants show sporulation defect 
with fragmented or anucleated FSMs at restrictive temperature 34oC, suggesting that 
Cam2p is involved in FSM assembly (Itadani et al., 2006).  
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In addition, recent studies proposed that the septin complex (Spn2p, Spn5p, Spn6p, 
and the atypical Spn7p) forms a scaffold with a ring-shaped structure to guide the 
oriented extension of the FSM (Onishi et al., 2010). Septins may associate with the 
FSMs via the phosphatidylinositol 4-phosphate [PtdIns(4)P] which is enriched in the 
FSMs. Thus, the septin complex ring orientation is different from that of the leading 
edge ring structure. The septin ring structure in spn2 mutant fails to bind PtdIns(4)P 
and is unable to associate with FSMs, leading to disoriented FSMs and naked nuclei 
(Onishi et al., 2010). Therefore, the septins play an indispensable role in the 
orientation of FSM extension by organizing the dynamic membranes and further 
determining the shape.  
 
1.2.4 Septation initiation network in mitotic cell cycle 
 
In fission yeast, the coordination of cytokinesis with the nuclear cycle is mediated by 
a SPB-associated signalling pathway termed the SIN (Simanis, 2003). It is highly 
analogous to mitotic exit network (MEN) in budding yeast (Simanis, 2003). All the 
SIN genes are essential in S. pombe. In SIN deficient mutants, the actomyosin rings 
are assembled in mitosis, but collapse without constriction, resulting in the formation 
of multinucleated cells, indicating that SIN is not required for actomyosin ring 
assembly and nuclear division but is essential for the contraction of actomyosin ring 
and the assembly of the division septum (Mishra et al., 2004).   
 
SIN is a GTPase-activated protein-kinase cascade, which is mainly composed of the 
scaffold proteins Sid4p-Cdc11p; three protein kinases and their associated factors 
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(Cdc7p-Spg1p, Sid1p-Cdc14p, and Sid2p-Mob1p). The scaffold complex Sid4p-
Cdc11p resides at the SPBs throughout cell cycle and recruits all the other elements 
to the SPBs. The Ras superfamily GTPase Spg1p sits upstream of the SIN signalling 
pathway and its GTPase activity is controlled by a two-component GTPase 
Activating Protein (GAP) (Furge et al., 1998). Cdc16p and Byr4p are both negative 
regulators of septation (Fankhauser et al., 1993; Furge et al., 1998; Jwa and Song, 
1998).  During interphase, Byr4p-Cdc16p resides at the SPB to maintain the Spg1p 
in a GDP bound-inactive form. Upon entry into mitosis, Cdc16p is removed from the 
SPBs, thereby Spg1p is converted into a GTP bound-active form. The most upstream 
protein kinase of SIN, Cdc7p preferentially binds to Spg1-GTP, and transiently 
localizes to both SPBs during metaphase and asymmetrically presents in the new 
SPB (active Spg1-GTP) in anaphase (Sohrmann et al., 1998). Interestingly, the other 
protein kinase complex Sid1p-Cdc14p was observed to be associated with the new 
SPB during anaphase, too.  Studies of NIMA protein kinase Fin1p in fission yeast 
illustrates that Fin1p appears to shut down the SIN expression at the old SPB, which 
leads to the asymmetric localization of Cdc7p and Sid1p-Cdc14p at the new SPB 
(Grallert et al., 2004). Studies indicate that loss of function of either byr4 or cdc16 
leads to hyper-activation of SIN signalling, characterized by the maintenance of 
Cdc7p and Sid1p-Cdc14p at both SPBs in anaphase, resulting in multiple septum 
formation without cell separation (Fankhauser et al., 1993; Minet et al., 1979). 
Hence, the asymmetric localization of SIN proteins is critical to ensure the 
coordination of cytokinesis with nuclear cycle and the septum formation. One of the 
upstream regulators is Polo kinase (Plo1p) (Ohkura et al., 1995). Plo1p localizes at 
the SPBs and the division site during mitosis (Bahler et al., 1998). Overexpression of 
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Plo1p induces septation even in interphase cells (Mulvihill et al., 1999; Ohkura et al., 
1995). It is currently unclear how Plo1p regulates SIN signaling and cytokinesis. 
Interestingly, Dma1p, a checkpoint protein with FHA and ring finger (CHFR) 
domains, seems to negatively regulate SIN signalling by modulating the activity 
and/or localization of Plo1p (Guertin et al., 2002b; Johnson and Gould; Murone and 
Simanis, 1996).  
 
Sid2p, the most downstream protein kinase known in the pathway, together with its 
regulatory partner Mob1p, localizes to the SPBs throughout the cell cycle and is also 
localized to the medial cortex at the division site at the end of anaphase. The kinase 
activity of Sid2p peaks at the time of septum formation (Hou et al., 2000; Sparks et 
al., 1999). Mob1p promotes the kinase activity of Sid2p by preventing the inhibitory 
homodimerization of Sid2p (Hou et al., 2004).  
 
Although most of the SIN components are known, the regulatory mechanism 
between SIN signalling cascade and cytokinesis remains largely unclear. SIN 
signalling might impinge on cytokinesis by regulating the actomyosin ring 
components such as Myo2p and its associated factors. It is also possible that SIN 
signalling regulates membrane trafficking to promote membrane deposition and 
septum assembly at the division site. A likely target of SIN is Cps1p/Drc1p, a 1,3-β 
glucan synthase involved in the formation of the polysaccharide-rich division septum 
(Cortes et al., 2002; Liu et al., 1999). SIN may control the septum formation by 
recruiting Cps1p to the division site (Cortes et al., 2002; Liu et al., 2002). 
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Does SIN play any roles in regulating the meiotic cytokinesis? Mata et al (2002) 
reported that most SIN genes, except sid2, are highly expressed during meiosis, 
peaking at meiosis II (Mata et al., 2002). Knapp et al (2006) reported that all SIN 
proteins localize to SPBs symmetrically in the two meiotic divisions, except that 
Cdc7p and Sid1p do not localize to the four meiotic SPBs until the second meiotic 
division. In SIN temperature sensitive mutants, FSM extension was defective during 
anaphase II, resulting in naked nuclei in the asci (Krapp et al., 2006).  However, 
using SIN temperature sensitive mutant is not the ideal way to study the SIN function 
in meiotic cytokinesis, since sporulation is affected in higher temperature.  In 
addition, there is no detailed analysis of the syntaxin protein Psy1p during the whole 
meiotic process in SIN mutant cells. Thus, the detailed mechanism linking the SIN 
and FSM assembly remains unclear. 
 
1.3 Aims of and objective of this thesis 
 
The aim of this study was to identify the exact roles of the SIN during meiotic 
cytokinesis in fission yeast. In Chapter III, I investigate the precise molecular 
mechanism linking SIN and forespore membrane assembly by characterizing the 
function of Slk1p (Sid2p-like kinase) during sporulation. In Chapter IV, I investigate 
the function of F-actin and explore the possible links between SIN and the actin 
cytoskeletal fuction during meiosis by charactering the role of actin nucleators in this 
sporulation process and monitoring the dynamics of F-actin cytoskeleton in sin 
mutant cells.   
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Chapter 2. Materials and Methods 
 
2.1 S. pombe strains, media, reagents and culture condition 
 
S. pombe strains used in this study are listed in Table 1 (Chapter III) and 2 (Chapter 
IV). Standard media such as solid or liquid YE, minimal medium (EMM) with 
appropriate supplements and YPD media were used to culture fission yeast cells 
(Moreno et al., 1991). 
 
Yeast strains were constructed by either random spore method or by tetrad analysis. 
Yeast cells were grown on YES medium or minimal media with appropriate 
supplements. Solid yeast extract-peptone-dextrose (YPD) medium was used for 
mating and sporulation. Temperature-sensitive strains were grown at 24oC 
(permissive) while all the other strains are grown at 30oC. Homothallic yeast strains 
were induced to enter meiosis and sporulation on YPD for 24 hrs at 24ºC (for cdc11-
123 and sid4-A1 under permissive conditions), for 12 hrs at 24oC then shifted to 
35oC for 10 hrs (cdc11-123 under restrictive conditions), and for 12 hrs at 24oC and 
then shifted to 28oC for 14 hrs (for sid4-A1 under restrictive conditions and for all 
other strains). Cells were then processed for staining or imaging experiments. The 
nmt41-gfp-chd was imaged after inducing GFP-CHD expression in EMM5S medium 
lacking thiamine for 24 hrs at 24ºC and for 18 hours at 30ºC.  
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Thiamine was used at a final concentration of 25 µM to repress transcription from 
the nmt1 and nmt41 promoter (Basi et al., 1993).  To disrupt F-actin, cells were 























Table 1. Yeast strains used in Chapter III 
Strains Genotypes Source 
MBY1043 h90 bgs2-gfp::ura4+ ade6-210 leu1-32 ura4-D18 This study 
MBY3436 h90 sid2-gfp::ura4+ ade6-210 leu1-32 ura4-D18 This study 
MBY3437 h90 cdc7-gfp slk1::ura4+ leu1-32 ura4-D18 This study 
MBY3539 h90 sid1-gfp slk1::ura4+ leu1-32 ura4-D18 This study 
MBY3579 h90 sid4-gfp::ura4+ ade6-210 leu1-32 ura4-D18 This study 
MBY3654 h90 bgs2-gfp::ura4+ slk1::ura4+ ade6-210 leu1-32 ura4-
D18 
This study 
MBY3694 h90 sid2-gfp::ura4+ slk1::ura4+ ade6 leu1-32 ura4-D18 This study 
MBY3695 h90 cdc7-gfp slk1::ura4+ leu1-32 ura4-D18 This study 
MBY3696 h90 sid1-gfp slk1::ura4+ leu1-32 ura4-D18 This study 
MBY3697 h90 sid4-gfp slk1::ura4+ ade6-210 leu1-32 ura4-D18 This study 
MBY3698 h90 spo3-gfp:leu2 slk1::ura4+ ade6-210 leu1-32 ura4-
D18 
This study 
MBY3791 h90 mob1-gfp ade6-210 leu1-32 ura4-D18 This study 
MBY3792 h90 mob1-gfp slk1::ura4+ ade6-210 leu1-32 ura4-D18 This study 
MBY3972 h90 spo15-gfp::leu2 leu1-32 Nojima H 
MBY3974 h90 spo3::ura4+ leu1-32 ura4-D18 Nakamura 
et al., 2001 
MBY3975 h90 spo15::ura4+ leu1-32 ura4-D18 Ikemoto et 
al., 2000 
MBY3986 h90 spo15-gfp::leu2 slk1::ura4+ leu1-32  This study 
MBY4008 h90 slk1-gfp::ura4+ spo3::ura4+ leu1-32  This study 
MBY4009 h90 spo15::ura4+ slk1-gfp::ura4+ leu1-32 ura4-D18 This study 
MBY4395 h90 mob1-R4 slk1::ura4+ leu1-32 ura4-D18 This study 
MBY4396 h90 mob1-R4 leu1-32 ura4-D18 This study 
MBY4397 h90 cdc7-24 slk1::ura4+ ade6-210 This study 
MBY4398 h90 cdc7-24 ade6-210 This study 
MBY4399 h90 sid1-239 slk1::ura4+ leu1-32 ura4-D18 This study 
MBY4400 h90 sid1-239 leu1-32 ura4-D18 This study 
MBY4401 h90 sid4-A1 slk1::ura4+ leu1-32 ura4-D18 This study 
MBY4402 h90 sid1-A1 leu1-32 ura4-D18 This study 
MBY4403 h90 cdc11-123 slk1::ura4+ ade6-210 leu1-32 ura4-D18 This study 
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MBY4404 h90 cdc11-123 ade6 leu1-32 ura4-D18 This study 
MBY4405 h90 cdc16-116 slk1::ura4+ ade6-210 leu1-32 ura4-D18 This study 
MBY4406 h90 cdc16-116 ade6-210 leu1-32 ura4-D18 This study 
MBY4407 h90 spg1-106 slk1::ura4+ ade6-210 leu1-32 ura4-D18 This study 
MBY4408 h90 spg1-106 ade6-210 leu1-32 ura4-D18 This study 
MBY4591 h90 spo3-gfp::leu2 sid2-250 slk1::ura4+ leu1-32  This study 
MBY4592 h90 spo15-gfp::leu2 sid2-250 slk1::ura4+ leu1-32  This study 




















Table 2. Yeast strains used in Chapter IV 
Strains Genotypes Source 
MBY1238 h90 ade6-M210 leu1-32 ura4-D18 Lab 
collection 
MBY3507 h90 kanR:rad21-sid4 ade6-210 leu1-32 ura4-D18 Yan et al. 
2008 
MBY3974 h90 gfp-psy1:leu1  leu1-32 ura4-D18 Nakamura 
et al., 2001 
MBY4781 h90 nmt41-gfp-chd::leu1+ ade6-210 leu1-32 ura4-D18 This study 
MBY5911 h90 for3::kanR ade6-210 leu1-32 ura4-D18 This study 
MBY5998 h90 nmt41-gfp-chd::leu1+ cut11-mCherry::ura4+ meu14-
mCherry::ura4+ ade6-210 leu1-32 ura4-D18 
This study 
MBY6002 h90 kanR:rad21-sid4 nmt41-gfp-chd::leu1+ ade6-210 
leu1-32 ura4-D18 
This study 
MBY6003 h90 kanR:rad21-sid4  leu1-32::gfp-psy1 meu14-
mCherry::ura4+ ade6-210 leu1-32 ura4-D18 
This study 
MBY6048 h90 myo1-gfp::kanR meu14-mCherry::ura4+ leu1-32 
ura4-D18 
This study 
MBY6071 h90 nmt41-gfp-chd::leu1+ meu14-mCherry::ura4+ leu1-
32 ura4-D18 
This study 
MBY6197 h90 leu1-32::gfp-psy1 mCherry-atb2::Hph meu14-
mCherry::ura4+ leu1-32 ura4-D18 
This study 
MBY6206 h90 kanMX6- mYFP-arp2 meu14-mCherry::ura4+ leu1-
32 ura4-D18 
This study 
MBY6228 h90 kanMX6- mYFP-arp3  meu14-mCherry::ura4+ leu1-
32 ura4-D18 
This study 
MBY6237 h90 for3-gfp::ura4+ meu14-mCherry::ura4+ leu1-32 
ura4-D18 
This study 
MBY6241 h90 arp3-mCherry::ura4+ nmt41-gfp-chd::leu1+ ade6-
210 leu1-32 ura4-D18 
This study 
MBY6296 h90 kanR:rad21-sid4  for3-gfp::ura4+ leu1-32 ura4-D18 This study 
MBY6236 h90 for3-gfp::kanR meu14-mCherry::ura4+ cut11-
mCherry::ura4+ leu1-32 ura4-D18 
This study 
MBY6346 h90 sid2-250 slk1::ura4+ nmt41-gfp-chd::leu1+ ade6-210 
leu1-32 ura4-D18 
This study 




MBY7583 h90 for3::kanR gfp-psy1:leu1 ade6-210 leu1-32 ura4-D18 This study 
 
2.2 Molecular and genetic methods of S. pombe cells 
 
2.2.1 Yeast transformation 
 
All yeast transformations were performed using the lithium acetate method (Okazaki 
et al., 1990). 
 
2.2.2 Spore viability test 
 
sid2-250 slk1∆ cells carrying the plasmids pREP1, pREP41, pREP41-slk1, pREP1-
psy1 and pREP41-psy1 were cultured in minimal medium lacking leucine and 
containing 25 µM thiamine to mid log phase. The cells were washed and cultured in 
minimal medium (lacking nitrogen, leucine, and thiamine) to O.D.595=1.0.  
Approximately 5 µl of the concentrated cells were spotted and grown on minimal 
medium (lacking leucine) plates for sporulation at 24oC. Five days later, the 
sporulated cells were collected and digested with NEE-154 glusulase (Boston, 
MA02118 USA, PerkinElmer Life Sciences) overnight at 24oC. The digested 
sporulation mixture was treated with 30% ethanol to kill non-sporulated vegetative 
cells and washed three times with sterile water. Thereafter, around 2000 spores were 
spread on YES plates to score for viability. 
 
2.2.3 Iodine staining assay 
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Cells were first grown in YES medium to mid-log growth phase. Cells were washed 
three times and concentrated to O.D.595=1.0. Approximately 5µl of 10-fold serial 
dilutions of these wild-type and mutant cells were spotted and grown onto YPD 
plates and plates were incubated for sporulaton inducing for 5 days at 24oC.  Plates 
were then exposed for 1 min to iodine (Aldrich Inc., Milwaukee, USA) vapour (I2) to 
stain spore walls and the staining was scored. A haploid heterothallic (h-) strain was 
used as a negative control. 
 
2.2.4 rad21 promoter swapping of promoter of endogenous sid4 
 
The kanR:rad21-sid4 strain (MBY3507) and the kanR:rad21-sid4-gfp pcp1-mCherry 
strain (MBY4933) were generated as follows: the primers MOH2329 and MOH2330 
were used to amplify the promoter of the rad21 gene using wild-type genomic DNA 
as a template by Polymerase Chain Reaction (PCR).  A 1.5kb DNA fragment 
carrying the rad21 promoter was cloned into the BglII/PacI sites, to replace nmt1 
promoter in the plasmid of pFA6a-kanMX6-P3nmt1-mGFP (pCDL956), thereby 
generating the plasmid pCDL1076. A 3kb DNA fragment containing rad21 promoter 
and kanR gene was generated by PCR using the plasmid pCDL1076 as the template 
with the forward primer MOH2407 and the reverse primer MOH2408. This 3kb 
DNA fragment was introduced into the yeast strains MBY1238 (wild-type, ade6-210 
ura4-D18 leu1-32 h90) and MBY4972 (Sid4p-GFP, Pcp1p-mCherry). Desired 




2.2.5 The slk1K191R mutant strain generation 
 
The strain slk1K191R::ura4+ (MBY4436) was generated as follows: the 
oligonucleotides MOH2773 and MOH2772 were used to amplify by PCR the slk1 
coding sequence using wild-type genomic DNA as a template.  The PCR product 
was cloned into pJK210, yielding the plasmid pJK210-slk1 (pCDL1254). Then, the 
plasmid pJK210-slk1 (pCDL1254) was then mutagenized by the PCR based method 
using two oligonucleotides: MOH2792 and MOH2793; the underlined nucleotides 
denote the artificially introduced nucleotides that serve to replace Lysine 191 with 
Arginine, yielding the plasmid pJK210-slk1K191R (pCDL1255). The plasmid 
pCDL1255 was linearized with SalI restriction enzyme (approximately 260 
nucleotides from the initiation codon) and integrated into the strain MBY1238 to 
generate the strain MBY4436.  
 
2.2.6 Generation of epitope tagged strains 
 
To fuse Slk1p with green fluorescence protein (GFP), the oligonucleotides 
MOH2114 and MOH2115 were used to amplified C-terminal coding sequence of 
slk1 using wild-type genomic DNA as a template by PCR. The PCR product was 
cloned into pJK210-GFP, yielding pJK210-slk1-C1.1-GFP (pCDL1008). The 
plasmid pCDL1008 was linearized with NdeI restriction enzyme (approximately 
1247 nucleotides from the initiation codon) and integrated into the strain MBY1238 
to generate the strain MBY3655. 
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The strain slk1K191R-gfp (MBY4415) was generated as follows: the slk1 genomic 
DNA was amplified by PCR using wild-type genomic DNA as a template and with 
the oligonucleotides: MOH2773 and MOH2115.   The PCR fragment was cloned 
into pJK210-GFP, yielding the plasmid pJK210-slk1-gfp (pCDL1252). The plasmid 
pCDL1252 was mutagenized by the PCR- based method using the oligonucleotides: 
MOH2792 and MOH2793 where the underlined nucleotides (Table 2) denote the 
artificially introduced nucleotides that serve to replace the codon for lysine 191 with 
the codon for arginine, yielding the plasmid pJK210-slk1K191R-gfp (pCDL1253). 
The plasmid pCDL1253 was linearized with SalI restriction enzyme (approximately 
260 nucleotides from the initiation codon) and integrated into the strain MBY1238 to 
generate the slk1K191R-gfp strain (MBY4415). 
To generate fusion of arp3, cut11 and meu14 with mCherry at the chromosome locus, 
DNA fragments containing the C-terminus of arp3, cut11, meu14 were first 
amplified by PCR using primers (MOH4095 and MOH4096 for amplifying arp3; 
MOH3236 and MOH3237 for amplifying cut11; MOH3308 and MOH3309 for 
amplifying meu14) and were cloned into pJK210-mCherry (pCDL1207), yielding 
pJK210-arp3-mCherry (pCDL1524), pJK210-cut11-mCherry (pCDL1526) and 
pJK210-meu14-mCherry (pCDL1527), respectively.  These plasmids were linearized 
and were transformed into the wild-type strain (MBY1238).  Transformation was 
carried by the lithium acetate method (Okazaki et al., 1990).  Integration was verified 
by colony PCR.   
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2.2.7 Plasmid constructs 
 
The plasmids, pREP1-psy1 and pREP41-psy1 were constructed by cloning psy1 
cDNA into the vectors pREP1 (pCDL32) and pREP41 (pCDL38), respectively. The 
psy1 cDNA was amplified by PCR using wild-type genomic DNA as template and 
with one pair of primers: MOH2883 and MOH2884. The primers and the plasmids 
used in the studies are listed in Table 3 and Table 4, respectively. 
 
Table 3.   Primer list 























Table 4.   Plasmids used in this study 
Plasmid                                                                         Characteristics Source  
pCDL32                                                                    pREP1, full strength nmt1 promoter Lab collection 
pCDL38          pREP41, medium strength nmt41 promoter                                                     Lab collection
pCDL53                                                                 pJK210 ura4-based vector Lab collection            
pCDL457                                                                   GFP in pJK210               Lab collection            
pCDL1008             slk1+ C-terminus 1.1kb in pJK210 -GFP This study 
pCDL1076 pFA6a-kanMX6-rad21-mGFP This study 
pCDL1145                                                            slk1+ in pREP41              This study 
pCDL1252       slk1+ in pJK210-GFP This study 
pCDL1253        slk1+ with A572G (nucleotide change) in pJK210-
GFP 
This study 
pCDL1254             pJK210-slk1-genomic: slk1+ in pJK210 This study 
pCDL1255        slk1+ with A572G (nucleotide change) in pJK210                       This study                       
pCDL1263                                                                                                                     psy1+ in pREP1 This study 
pCDL1264 psy1+ in pREP41 This study 
pCDL1524        pJK210-arp3-mCherry This study                       
pCDL1526                                                                                                                     pJK210-cut11-mCherry This study 














2.3.1 Immunofluorescence staining 
 
To detect GFP-fusion proteins, yeast cells were cultured on YPD plates to induce 
meiosis. Meiotic cells were fixed using 37% formaldehyde as described by Hagan 
and Hyams (Hagan and Hyams, 1988) or with methanol.  The cells were processed 
and stained with anti-GFP primary antibody (ab1218, Abcam).  Alexa Fluor-488 
conjugated anti-rabbit IgG (Molecular Probes) was used as a secondary antibody.  
Nuclear DNA was stained with DAPI (4’, 6-diamidino-2-phenylindole).   
 
2.3.2 Fluorescence microscopy  
 
Microscopic images were captured using Olympus IX71 fluorescence microscope 
equipped with a Photometrics Cool SNAP ES camera (Tucson, AZ).   
 
2.3.3 Time-lapse microscopy 
 
For time-lapse microscopy, cells were collected after being induced to meiotic stage 
on solid YPD medium or EMM5S and spotted on a glass slide containing a 2% agar 
pad with appropriate EMM medium. For Lat A treatment experiments, the 
asynchronized meiotic cells were treated with 100 µm Lat A or equal volume of 
DMSO at room temperature for 20 minutes, and placed on EMM5S + 2% agar pads 
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(containing 100 µm Lat A or DMSO) for movies taken. Time-lapse analysis was 
conducted at room temperature (22 °C -24 °C).  
 
2.3.4 Confocal microscopy  
 
We used a 100x/1.4 NA objective lens (Nikon, Melville, NY) on a spinning disk 
confocal microscope (UltraView ERS, PerkinElmer Life And Analytical Sciences, 
Inc., Waltham, MA) with a 440-nm solid state laser or 488, 561-nm argon ion lasers 
and a cooled charge coupled device camera (ORCA-AG, Hamamatsu, Bridgewater, 
NJ). Maximum intensity projections of colour images were created using Metamorph 
software. Images in figures are maximum intensity projections of Z-sections spaced 
at 0.5 µm.  
 
For confocal microscopy (LSM510; Thornwood, NY), images were taken and 
analyzed with LSM 5 browser software. Z-stack images were taken at 0.6 µm 
intervals and reconstructed in three dimensions using the projection module.  
 
2.3.5 Electron Microscopy  
 
Cells were incubated on YPD plates at 28oC for 18 h, except for sid2-250 slk1∆ 
strain (MBY4355) which was incubated on YPD plates at 24oC for 30 h. For Lat A 
treatment experiment, cells were collected in 200ul YPD liqid medium and treated 
with 100µm Lat A at room temperature. Then, cells were collected and fixed with 
3% glutaraldehyde in potassium phosphate buffer (pH 7.0) at different time points 
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(30min, 45min and 60min Lat A treatment). After washing several times with PBS, 
cells were post-fixed in 2% OsO4 for 2 h at room temperature. Then, they were 
soaked in a 0.5% aqueous solution of uranyl acetate for 2 h and mounted on a copper 
grid to form a thin layer. The cells were dehydrated by passing through graded 
ethanol and acetone, and then embedded in Spurr’s resin. Sections were stained with 
uranyl acetate and viewed / photographed using a JEOL 200CX electron microscope 




2.4.1 Sequence alignment 
 
ClustalW (1.82 www.ebi.ac.uk/clustalw/#) and Boxshade (3.21) programs were used 
for multiple protein sequence alignment and shading, respectively. Identical residues 
are shaded in black and conserved substitutions are shaded in grey. 
 
2.4.2 Domain analysis 
 
Domain analysis was carried out using the specialized BLAST program (conserved 





Chapter 3. The meiosis-specific sid2-related protein slk1 regulates forespore 




In all organisms, during cytokinesis membrane biosynthesis is highly coordinated 
with cell division.  During mitosis, cells divide through the use of an actomyosin 
based contractile ring.  New membranes (and cell wall material in fungi) are 
deposited concomitant with constriction of the actomyosin ring (Rajagopalan et al., 
2003; Wu et al., 2003).  By contrast, in meiosis, the formation of germ cells requires 
the de novo synthesis of plasma membranes within the mother-cell cytoplasm 
apparently in an actomyosin ring independent manner (Neiman, 2005; Shimoda, 
2004).   In S. pombe, this process is termed as sporulation and is initiated during the 
second nuclear division by the formation of a double-layered membrane, termed the 
forespore membrane.  Synthesis of the forespore membrane is closely related – both 
temporally and spatially – to the second meiotic nuclear division.  The forespore 
membrane is initiated from the spindle pole bodies (SPBs) and grows by vesicle 
fusion and eventually encapsulates each of the four haploid nuclei.  Spore wall 
materials – lipids and polysaccharides are deposited between the inner and outer 
membranes of the forespore (Shimoda, 2004). 
 
The septation initiation network is a signalling cascade that regulates cytokinesis 
during the mitotic cell cycle.  It comprises a small GTPase (Spg1p); three protein 
kinases (Cdc7p, Sid1p, and Sid2p) and the associated proteins Cdc14p (in complex 
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with Sid1) and Mob1p (in complex with Sid2p). Sid4p and Cdc11p form a scaffold 
complex to recruit the SIN components at the SPB (Chang and Gould, 2000; Krapp 
et al., 2001; Tomlin et al., 2002).  Sid2p is considered as the downstream effectors of 
the SIN pathway. The Sid2p kinase has thus been hypothesized to phoshorylate 
molecules important for actomyosin ring maintenance, membrane and cell wall 
assembly, although the identities of substrates and the mechanism by which the SIN 
physically regulates cytokinesis remains unknown.  Recent studies have shown that 
the SIN components also localize to the SPBs during meiosis and play an important 
role in forespore membrane assembly (Krapp et al., 2006).  The defect in forespore 
membrane assembly has been correlated with improper localization of the t-SNARE 
(syntaxin) Psy1p in some mutants (Krapp et al., 2006).  As in the case of mitotic 
cells, the precise mechanism linking SIN and forespore membrane assembly is not 
fully understood. 
 
In this chapter III, I characterize Slk1p, a protein kinase related to Sid2p.  It shows 
that Slk1p localizes to the SPB and the forming spore membranes during meiosis.  
Slk1p and Sid2p function downstream of the SIN and appear to regulate forespore 
membrane assembly, perhaps through regulating membrane growth by facilitating 









3.2.1 Slk1p is a protein kinase related to the SIN-component Sid2p 
 
The Sid2p kinase is one of several proteins that function as part of the septation 
initiation network (SIN) signalling pathway, which is required for actomyosin ring 
maintenance, constriction, and septation (Sparks et al., 1999).  Sequencing of the 
fission yeast genome revealed the presence of a novel Sid2p-related open reading 
frame which was referred to as Slk1p and the gene encoding this kinase as slk1 (sid2 
like kinase 1, encoded by SPCC417.06c).  slk1 has been referred to as ppk35 as well 
as mug27 based on functional genomic studies (Bimbo et al., 2005; Martin-
Castellanos et al., 2005; Mata et al., 2002). Slk1p consists of 624 amino acids with a 
putative 304 amino acid Ser-Thr kinase domain (Figure 3.1A).  Homology search 
using the Blast algorithm indicated that Slk1p is most related to fission yeast Sid2p 
and the budding yeast proteins Dbf2p and Dbf20p (Balasubramanian et al., 1998; 
Komarnitsky et al., 1998; Toyn and Johnston, 1994). Figure 3.1B shows an 
alignment of the kinase domains of these four proteins.  The invariant lysine residue, 
known to be important for ATP binding, was found at position 191 of Slk1p.  
 
3.2.2 Slk1p localizes to the SPBs and spore periphery during meiosis 
 
To gain insight into the cellular role of Slk1p, the subcellular localization of this 
protein was analyzed. To this end, a strain was generated in which the green 
fluorescent protein (GFP) was fused in-frame to the C-terminus of Slk1p.  Pcp1p- 
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Figure 3.1 The protein kinase Slk1p is related to the SIN component Sid2p.  
(A) Schematic representation of Slk1p. The conserved kinase domain of 304 amino 
acids (162-465) is in the middle of Slk1p. The arrow indicates the lysine residue 
within the putative ATP binding site at position 191. (B) Alignment of the predicted 
amino acid sequence of the kinase domains of Slk1p with S. pombe Sid2p and S. 
cerevisiae Dbf2p and Dbf20p.  Identical amino acids are highlighted in black and 
similar amino-acids are shaded in gray.  Slk1p shares 51%, 50% and 50% amino-acid 
sequence identity with Sid2p, Dbf2p and Dbf20p respectively. The arrow indicates 




















mCherry (a marker for the spindle pole body: SPB) was introduced into this strain, to 
visualize the SPB and monitor cell cycle progression (Flory et al., 2002).  Consistent 
with the absence of slk1 mRNA in vegetative cells (Bimbo et al., 2005), Slk1p-GFP 
was not visualized in vegetative cells (Figure 3.2A, i).  Slk1p-GFP localization in 
cells undergoing cell fusion, meiosis and sporulation was observed.  Slk1p-GFP was 
not detected during cell fusion and during horsetail movement of chromosomes 
(Figure 3.2A, ii).  Interestingly, Slk1p-GFP was visible in cells completing the first 
meiotic division as two discrete foci which co-localized with the Pcp1p-mCherry 
signal (Figure 3.2A, iii). The co-localization of Slk1p and Pcp1p suggested that 
Slk1p localized in the vicinity of the SPB in meiotic cells.  During meiosis II, Slk1p-
GFP was detected at all four SPBs (Figure 3.2A, iv). As sporulation commenced and 
progressed, Slk1p-GFP gradually disappeared from the four SPBs.  Concomitantly, 
Slk1p-GFP signal appeared to spread from each of the four SPBs, forming a cup-like 
structure that moved towards the medial plane between each pair of segregating 
chromosomes (Figure 3.2A, v and vi).  Time-lapse imaging further confirmed the 
apparent movement of Slk1p-GFP from the SPBs to the periphery of forming spore 
(Figure 3.2B).  Slk1p-GFP signal was not detected in mature spores (Figure 3.2A; 
vii).  Visualization of microtubules, using mCherry-tagged α-tubulin, further 
revealed that Slk1p localized to the meiotic SPBs following separation of the SPBs in 
meiosis I (Figure 3.2C; i).  Slk1p persisted at the SPBs throughout meiosis II and 
gradually disappeared from the SPBs upon passage through anaphase B and upon 
full elongation of the meiosis II spindle (Figure 3.2C; ii, iii, and iv).  It was difficult 
to ascertain if Slk1p signal was lost from each pair of SPBs (connected by the 
meiosis II spindle) simultaneously.  Collectively, these studies established that Slk1p  
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Figure 3.2 Slk1p localizes to the SPBs and the spore periphery during meiosis. 
 (A) Visualization of Slk1p-GFP and the SPB marker Pcp1p-mCherry. (A-i) No 
detectable signal of Slk1p-GFP during vegetative growth. (A-ii) No detectable signal 
of Slk1p-GFP during horsetail stage of meiosis. (A-iii) Slk1p-GFP colocalized with 
Pcp1p-mCherry on the two SPBs during meiosis I. (A-iv) Slk1p-GFP colocalized 
with Pcp1p-mCherry on the four SPBs during early meiosis II. (A-v) Slk1p-GFP 
moved gradually from SPBs to the FSM during late meiosis II. (A-vi) Slk1p-GFP 
was distributed on the FSM at the end of meiosis II. (A-vii) Slk1p-GFP signal was 
not observed in mature spores. Slk1p-GFP/Pcp1p-mCherry expressing cells 
(MBY4364) were cultured on YPD plates to induce meiosis. Scale bar, 10 µm. (B) 
Time-lapse imaging of redistribution of Slk1p-GFP from the SPB to the spore 
periphery. Arrows show that Slk1p-GFP localizes to the SPBs. Scale bar, 5 µm. (C) 
Observation of live cells (MBY5210) expressing mCherry-Atb2p and Slk1p-GFP, 
during the first meiotic division (C-i), metaphase II (C-ii), anaphase II (C-iii) and 
sporulation (C-iv). The tubulin marker mCherry-Atb2p was expressed under the 
control of nmt1 promoter from the plasmid (pREP1-mCherry-atb2) on MM lacking 






































specifically associated with the SPB during meiosis I and II and also associated with 
the developing spore periphery. 
 
3.2.3 Slk1p localization to the SPBs and spore membranes during meiosis 
depends on the SIN scaffold proteins Cdc11p and Sid4p. 
 
Slk1p is highly related to Sid2p, the most downstream member of the SIN.  In order 
to test if Slk1p localization, like that of Sid2p, depended on the SIN,  a strain was 
made (referred to as Prad21-sid4-gfp) in which expression of the SIN scaffold protein 
Sid4p (as a GFP fusion) was under the control of the promoter of the rad21 gene, 
which is strongly repressed during meiosis (Kitajima et al., 2004).  Upon transfer of 
this strain to conditions that promoted meiosis and sporulation, the level of Sid4p 
was dramatically reduced in two of the four SPBs present in meiosis II cells (Figure 
3.3.1A). Thereby, it was ascertained that Sid4p levels could be significantly reduced 
in two of the four SPBs in meiosis II cells, by meiotic shut-off of Sid4p expression 
using the rad21 promoter. The stronger signals in two of the four SPBs might result 
from carry over of Sid4p-GFP from the vegetative cells.  In contrast, Sid4p-GFP 
levels were roughly of comparable intensity in all four SPBs in wild-type cells 
undergoing meiosis II (Figure 3.3.1A).  
 
Next, it was important to check if Slk1p localization was affected in cells expressing 
reduced levels of Sid4p.  To this end, a Prad21-sid4 strain was made in which the 
untagged Sid4p coding sequences were placed downstream of the promoter sequence 
of the rad21 gene.  The Prad21-sid4 strain was able to proceed through meiosis I and 
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II, like wild-type cells.  Interestingly, however, sporulation was abnormal in Prad21-
sid4 cells; the majority of tetranucleate cells were only capable of assembling two 
spores with a nucleus each, while the other two nuclei were not encapsulated within 
spore membranes and spore walls (Figure 3.3.1B and C).  The localization of Slk1p 
in Prad21-sid4 cells was next evaluated.  As a control, Slk1p localization was 
monitored in wild-type cells.  Interestingly, the level of Slk1p at the SPB was 
significantly reduced in Prad21-sid4 cells (Figure 3.3.1D; compare the wild-type and 
Prad21-sid4 panels).  Reduction of Slk1p-GFP signal at the SPB was particularly 
evident in cells undergoing meiosis II (Figure 3.3.1D and 3.3.2E; SPBs are marked 
with Pcp1p-mCherry).  The weak Slk1p-GFP signal was only detected in two out of 
the four SPBs during sporulation of Prad21-sid4 cells.  Consistently, Slk1p was 
detected in spore membranes in the vicinity of two SPBs (that contained Slk1p; 
shown in Figure 3.3.1D).  Quantitation of observed localization patterns revealed that 
in wild-type cells with four visible SPBs, Slk1p was detected either on all four SPBs 
(~48% cells) or on spore membranes (~50% cells).  In less than 2% cells with four 
SPBs, Slk1p was found to exhibit a diffused staining pattern.  Interestingly, Slk1p 
was never detected on all four SPBs in Prad21-sid4 cells with four SPBs.  In contrast, 
Slk1p was found to be present largely in a diffused cytosolic pattern (~35%) or on 
two SPBs or on spore membranes in two spores (~55%) (Figure 3.3.2E).  Slk1p 
localization was also significantly altered in temperature-sensitive mutations 
affecting Sid4p, as well as another SIN component, Cdc11p (Figure 3.3.2F and G).  
Collectively, these studies established that Slk1p localization to the SPBs and spore 
membranes during meiosis depends on the SIN scaffold proteins Cdc11p and Sid4p.  
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Figure 3.3.1 Slk1p-GFP localization to the SPB is dependent on the SIN scaffold 
proteins Sid4p and Cdc11p. 
(A) Prad21-sid4-gfp is a strain (MBY4933) in which Sid4p expression was under the 
control of the promoter of the rad21 gene.  Top panel: Sid4p-GFP levels were 
roughly of comparable intensity in all four SPBs in wild-type cells (MBY4972) 
undergoing meiosis II. Bottom panels: the level of Sid4p was dramatically reduced in 
two of the four SPBs present in meiosis II cells.  Scale bar, 10 µm. (B) Meiotic 
sporulation phenotype resulting from reduction of Sid4p function.  Shown are images 
of Prad21-sid4 cells containing two-spored asci.  DAPI staining of these cells 
(demarcated with dotted lines) revealed the presence of four nuclei.  Prad21-sid4 cells 
(MBY3507) were induced to undergo meiosis, fixed and stained with DAPI. Arrows 
show asci with two spores. The dotted lines trace the outline of the indicated two-
spored asci with four nuclei.  Scale bar, 10 µm. (C) Quantification of the sporulation 
phenotypes in Prad21-sid4 cells.  Wild-type (MBY1238) and Prad21-sid4 cells 
(MBY3507) were induced to undergo meiosis and sporulation on YPD plates for 2 
days at 28oC. At least 500 tetranucleate cells were counted for each sample. (D) 
Prad21-sid4 expressing Slk1p-GFP and Pcp1p-mCherry was induced to undergo 
meiosis on YPD plates. Top panel: Slk1p-GFP was detected in all four SPBs in wild-
type cells (MBY4364) undergoing meiosis II. Bottom panel: Slk1p-GFP was 
detected in two or less SPBs in Prad21-sid4 cells (MBY4884).  The dotted lines in the 
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Figure 3.3.2 Slk1p-GFP localization to the SPB is dependent on the SIN scaffold 
proteins Sid4p and Cdc11p. 
 (E) Quantification of Slk1p-GFP during meiosis II in wild-type (MBY4364) and 
Prad21-sid4 (MBY4884) cells.  Cells were induced to undergo meiosis on YPD plates 
at 28oC for 16 h. At least 200 cells with four clearly discernable SPBs, marked by 
Pcp1p-mCherry, were counted for each sample. (F) Quantification of Slk1p-GFP 
during meiosis II in sid4-A1 (MBY4883) cells.  Cells were induced to undergo 
meiosis on YPD plates at 28oC for 14 h. At least 100 cells with four clearly 
discernable SPBs, marked by Pcp1p-mCherry, were counted for each sample. (G) 
Quantification of Slk1p-GFP during meiosis II in cdc11-123 cells (MBY4882).  
Cells were induced to undergo meiosis on YPD plates at 35oC for 10 h. At least 100 
cells with four clearly discernable SPBs, marked by Pcp1p-mCherry, were counted 

















3.2.4 Localization of SIN components to the SPBs is unaffected in slk1∆. Slk1p 
localization to the SPBs is independent of Spo3p and Spo15p.  
 
During mitosis, the localization of all other SIN components is independent of Sid2p 
function (Chang and Gould, 2000; Fankhauser and Simanis, 1994; Guertin et al., 
2000; Hou et al., 2000; Krapp et al., 2001; Morrell et al., 2004; Salimova et al., 2000; 
Schmidt et al., 1997; Sohrmann et al., 1998; Sparks et al., 1999; Tomlin et al., 2002). 
Therefore, the localization of all SIN components in slk1∆ meiotic cells was tested.  
The localization of all known components of the SIN was unaffected in slk1∆ cells 
(Figure 3.4A). In addition, Slk1p-GFP localization to the SPB was unaffected in cells 
lacking two key components of the sporulation machinery, Spo3p (coiled-coil protein 
expressed in forespore membrane) and Spo15p (coiled-coil protein required for SPB 
modification during meiosis II) (Ikemoto et al., 2000; Nakamura et al., 2001) (Figure 
3.4B and C).  Collectively, these experiments indicated that Slk1p localization, like 
that of Sid2p, depended on the SIN scaffold proteins Sid4p and Cdc11p and that 
Slk1p might function downstream of the SIN and upstream of the sporulation 
machinery during meiosis. 
 
3.2.5 Slk1p is required for proper spore formation 
 
Previous studies have shown that Slk1p was dispensable for vegetative growth 
(Bimbo et al., 2005).  However, since Slk1p expression was significantly up-
regulated during meiosis (Martin-Castellanos et al., 2005), and Slk1p was  
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Figure 3.4 The localization of SIN was unaffected in slk1∆ cells and Slk1p-GFP 
localization to the SPB was unaffected in spo3∆ or spo15∆ cells.  
(A) Wild-type and slk1∆ cells expressing Sid4p-GFP, Cdc7p-GFP, Sid1p-GFP, 
Sid2p-GFP and Mob1p-GFP were visualized by fluorescence microscopy. Left 
panels: wild-type cells. Right panels: slk1∆ cells.  Scale bar, 10 µm. (B) spo15∆ cells 
expressing Slk1p-GFP were visualized by fluorescence microscopy. Scale bar, 10 
µm. (C) spo3∆ cells expressing Slk1p-GFP were visualized by fluorescence 
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detected at the SPBs and spore periphery, the possible function(s) of this protein in 
meiosis was investigated.  Homothallic (h90) wild-type cells placed under nitrogen-
limiting conditions underwent meiosis and sporulation, leading to the formation of 
four-spored asci (Figure 3.5.1A).  In contrast, several abnormalities related to 
sporulation and / or meiosis were observed when slk1∆ h90 cells were placed under 
nitrogen limiting conditions.  First, slk1∆ ascospores were smaller than ascospores 
formed upon meiosis in wild-type cells (Figure 3.5.1A and B). Second, 
approximately 89% of wild-type cells formed four mature ascospores in an ascus 
(Figure 3.5.1C). However, the frequency of four-spored asci in slk1∆ cells was only 
around 30%.  Instead, a significant fraction of slk1∆ asci contained one, two or three 
spores. Furthermore, the percentage of asci without spores in the slk1∆ mutant was 
about 58%, which is dramatically higher than that in wild-type cells (Figure 3.5.1A 
and C).  The small size of spores in slk1∆ asci suggested that these spores might not 
retain viability.  Since many of the spores were too small to be individually 
manipulated, the proportion of asci that contained at least one viable spore was 
assessed.  To this end, asci from wild-type and slk1∆ cells were separated by 
micromanipulation and incubated for 3 days on growth medium.  Whereas 98% of 
wild-type asci contained viable spores, only 35% of slk1∆ asci contained at least one 
viable spore (Figure 3.5.1D).  Since cells expressing slk1K191R, in which ATP 
binding site of Slk1p was altered, also generated phenotypes similar to that displayed 
by slk1∆ cells (Figure 3.5.1A, C and D), it is likely that the kinase activity of Slk1p is 
important for its function in ascospore formation.  Interestingly, Slk1p-K191R was 
able to localize to the SPBs, suggesting that the localization of Slk1p to the SPBs 
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was independent of the function of the putative ATP binding site and potentially of 
the kinase activity of this protein (Figure 3.5.1E and F).  However, even though 
slk1K191R cells assembled aberrant and smaller spores, Slk1p-K191R could not be 
detected on membranous structures, suggesting that the function of the putative ATP 
binding site (and potentially the kinase activity) is important in relocation of Slk1p 
from the SPBs to the forming spore membranes. 
 
Electron microscopy was employed to gain further insight into the phenotype 
resulting from loss of Slk1p function.  All asci generated from wild-type cells 
contained four nuclei, each of which was surrounded by spore membranes and spore 
walls (Figure 3.5.2G).  In contrast, nuclei were not packaged into spore membranes 
and spore walls frequently in cells lacking Slk1p.  Thus loss of Slk1p led the 
formation of asci containing unpackaged nuclei as well as “anucleate shells” of spore 
walls and membranes (Figure 3.5.2H, marked with a white arrow).  Collectively, 
these experiments established that Slk1p was important for proper sporulation and 
for the coordination of nuclear division with the formation of spore membrane and 
spore wall.      
 
3.2.6 Spore membrane assembly is aberrant in slk1∆ cells 
 
The analysis of slk1∆ cells by electron microscopy revealed the presence of 
anucleate spores and nuclei devoid of surrounding spore membranes and walls.  To 
quantify the extent of these phenotypes, the spore membranes and nuclei were labled 
with GFP-Psy1p and DAPI respectively.  The GFP-Psy1p used in this experiment  
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Figure 3.5.1 Slk1p is required for proper sporulation.  
(A) Bright field images of asci. Wild-type (MBY1238), slk1∆ (MBY1850) and 
slk1K191R (MBY 4436) cells were sporulated on YPD plates for two days at 28oC, 
and were observed by differential interference contrast (DIC) microscopy. Scale bar, 
10 µm. (B) Quantification of spore diameter in wild-type (MBY1238) or slk1∆ 
(MBY1850) cells. Cells were induced to undergo meiosis and sporulation on YPD 
plates for 2 days at 28oC. Values are the mean± s.d. At least 200 spores were counted 
for each sample. (C) Quantification of spore number per ascus.  At least 500 
tetranucleate cells were counted for each sample. (D) Germination efficiency of 
wild-type, slk1∆ and slk1K191R spores. Asci formed on YPD plates for two days 
were randomly chosen and grown on YES solid medium after micromanipulation at 
30oC.  Colonies formed after three days of incubation at 30oC were counted. At least 
200 asci were selected from each sample. (E) Slk1pK191R-GFP localizes to SPB 
during meiosis. The dotted lines indicate the outline of the asci. Pcp1p-mCherry was 
used as a marker of the SPB.  Scale bar, 10 µm. (F) Quantification of localization 
patterns of Slk1p-GFP and Slk1p K191R-GFP during meiosis II.  Cells expressing 
Slk1p-GFP (MBY4364) and Slk1pK191R-GFP (MBY5118) were induced to 
undergo meiosis on YPD plates at 28oC for 16 h. At least 200 cells with four clearly 
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Figure 3.5.2 Slk1p is required for proper sporulation.  
 (G) Thin section electron microscopic images of the ascospores (white arrowhead) 
of wild-type cells. Scale bar, 1 µm. (H) Electron microscopy of ascospores of slk1∆ 
cells (MBY1850) showed anucleate spores and naked nuclei.  Black arrows show 
small but normally encapsulated ascospores. Black arrowheads show naked nuclei. 






















was expressed under control of the native chromosomal promoter as a single copy 
(Nakase et al., 2008b).  Psy1p is related to t-SNARE syntaxins and localizes to spore 
membranes as well as to mature spores. Interestingly, it was found that in 47.9 % of 
slk1∆ asci, nuclei were not encapsulated within spore membranes, while in the other 
52.1% asci, like in wild-type asci, nuclei were encapsulated within the spore 
membranes (Figure 3.6.1A and B).  
 
I then investigated the behavior of Meu14p, which forms the leading edge of the 
forespore membrane.  In wild-type cells, Meu14p assembled into ring-structures near 
the SPBs in metaphase / early anaphase of meiosis II.  As forespore membrane 
assembly proceeded, Meu14p rings migrated away from the SPBs and towards the 
mid-spindle.  Finally the Meu14p rings underwent constriction, following which 
Meu14p was detected in a diffused pattern in the nuclei / spores (Figure 3.6.2C).  
Meu14p was able to assemble rings in slk1∆ cells and these rings also exhibited 
normal behavior, in that they migrated away from the SPBs.  Interestingly, although 
Meu14p rings were able to constrict, constriction appeared to bisect the 
nucleoplasmic Meu14p signals, leading to the formation of more than four Meu14p 
containing structures (Figure 3.6.2C; marked with arrows).   
 
I then investigated the localization and behavior of syntaxin-related protein Psy1p in 
wild-type and slk1∆ cells. To further understand the development of this phenotype, 
the behavior of GFP-Psy1p was compared by time-lapse microscopy in asci 
generated from wild-type and slk1∆ cells. GFP-Psy1p in wild-type cells initially 
appeared as a crescent shape near the SPBs at meiosis II, expanded as four cup-like 
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Figure 3.6.1 Dynamics of Meu14p and Psy1p in wild-type and slk1∆ asci.  
(A) Localization of GFP-Psy1p in wild-type and slk1∆ asci.  Wild-type cells 
(MBY3664) and slk1∆ cells (MBY3699) expressing GFP-Psy1p were induced to 
undergo meiosis, fixed and stained with DAPI.  Green panel reveals GFP-Psy1p 
localization while the Red panel reveals the nuclear architecture.  Several examples 
of failure of encapsulation of nuclei within spore membranes in slk1∆ are shown.  (B) 
Quantification of normal and abnormal encapsulation of nuclei within spores of wild-






















































structures in the asci, later became four round structures at the spore periphery, and 
persisted after spore maturation (Figure 3.6.2D). Similarly, GFP-Psy1p in slk1∆ cells 
appeared as two pairs of bright arcs at metaphase II and formed two pairs of cup-
shaped membranes facing each other. However, in some slk1∆ cells, the cup-shaped 
GFP-Psy1p reorganized into round but smaller than normal structures, which led to 
smaller spores (Figure 3.6.2D, I). In other slk1∆ cells, GFP-Psy1p assembled into 
cup-shaped structures, whose expansion led to the formation of abnormally-shaped 
and unequally-sized structures (Figure 3.6.2D, II). Time-lapse imaging studies also 
revealed that the time taken for the assembly of the spore membrane was longer in 
slk1∆ cells compared to that in wild-type cells (Figure 3.6.2E).  Staining of wild-type 
and slk1∆ cells expressing GFP-Psy1p, with antibodies against GFP and tubulin 
revealed that in metaphase II and anaphase II, localization of Psy1p was 
indistinguishable.  However, GFP-Psy1p assumed abnormal localizations during 
progression through spore membrane assembly (data not shown).  Collectively, time-
lapse studies suggested that the inability of slk1∆ cells to form proper ascospores 
might result from a premature constriction of Meu14p containing leading edge rings 
and / or the insufficient delivery of Psy1p and associated factors to the forming spore 
membranes. 
 
3.2.7 The localization of Spo15p and Bgs2p is unaffected in slk1∆ cells 
 
In fission yeast, spore formation proceeds through a series of temporally regulated 
events.  First, the outer plaque of the SPB is modified to a crescent-shaped structure  
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Figure 3.6.2 Dynamics of Meu14p and Psy1p in wild-type and slk1∆ asci.  
 (C) Time-lapse imaging of Meu14p-GFP in wild-type (MBY3975) and slk1∆ cells 
(MBY4492).  In both cases, Meu14p assembled into rings.  Whereas constriction of 
Meu14p rings led to four Meu14p containing structures in wild-type cells (Arrows), 
more than four (and up to eight) Meu14p containing structures were detected upon 
constriction of Meu14p rings in slk1∆ cells (Arrows). Scale bar, 10 µm. (D) Time-
lapse fluorescence microscopy of GFP-Psy1p in wild-type and slk1∆ cells. Top panel, 
wild-type cells (MBY3664).  The rest of the panels show imaging of slk1∆ cells 
(MBY3699).  In all cases, Psy1p localized to cytoplasmic side of SPBs initially and 
then assembled into cup-shaped structures.  In some cases (I; 13/40 cells imaged) 
Psy1p localization and sporulation proceeded normally, but generated smaller 
spherically-shaped spores.  In other cases (II; 27/40 cells imaged) Psy1p and 
sporulation were abnormal and led to the defective spore formation.  Scale bar, 10 
µm. (E) Quantification of the time taken for the assembly of the spore membranes 









































known as the meiotic outer plaque (Ikemoto et al., 2000; Shimoda, 2004).  This 
maturation event requires the SPB associated protein Spo15p (Ikemoto et al., 2000; 
Shimoda, 2004).  Following this event, membranous vesicles are targeted to the 
meiotic outer plaque.  The coiled-coil containing protein Spo3p and the syntaxin-
related protein Psy1p participate in this process (Nakamura et al., 2001).  
Subsequently, membrane outgrowth is initiated at each of the modified SPBs and 
proceeds towards the mid-spindle region.  Meu14p assembles into a ring structure at 
the leading edge of the forespore membrane and allows for orderly membrane 
expansion (Okuzaki et al., 2003). After completion of spore membrane assembly, the 
spore wall is assembled by the combined action of enzymes, such as Ags1p / Mok1p 
and Bgs2p (Hochstenbach et al., 1998; Liu et al., 2000a; Martin et al., 2000; Vos et 
al., 2007), which are involved in biosynthesis of α-glucan and β-glucan, respectively.  
 
To understand the molecular basis of the spore formation defect in slk1∆ cells, the 
localization of several proteins that participate in the individual steps was 
investigated.  The localization of Spo15p (and the assembly of the Spo15p crescents) 
was unaffected in slk1∆ cells (Figure 3.7A and Table 5).  In addition, it was found 
that the spores were stained by iodine vapour (Bimbo et al., 2005) and Bgs2p 
localized normally in the forming spores (Figure 3.7B), suggesting that elements of 
the spore wall biosynthetic machinery were active in slk1∆ cells.   
 
3.2.8 Sid2p and Slk1p perform overlapping roles in spore formation 
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Figure 3.7 Spo15p-GFP and Bgs2p-GFP localization in wild-type and 
slk1∆ mutants. 
 (A) Wild-type, slk1∆, and sid2-250 slk1∆ cells expressing Spo15p-GFP were 
visualized by fluorescence microscopy. Left panel, spo15-gfp (MBY3972). Middle 
panel, spo15-gfp slk1∆ (MBY3986). Right panel, spo15-gfp sid2-250 slk1∆ 
(MBY4592). Scale bar, 10 µm.  (B) Wild-type and slk1∆ cells expressing Bgs2p-
GFP were visualized by fluorescence microscopy. Left panel, bgs2-gfp (MBY1043). 























Table 5  Morphology of SPBs during anaphase II 
 
Strains 




Crescent/crescent Dot/crescent Dot/dot 
spo15-gfp 35.90 22.22 41.88 n=117 
spo15-gfp slk1∆ 29.41 20.59 50 n=102 
spo15-gfp sid2-250 32.41 22.22 45.37 n=108 





Table 5.  Cells expressing Spo15p-GFP were fixed and stained with anti-GFP 
antibody, anti-TAT1 and DAPI to visualize the Spo15p-GFP, tubulin and nuclei, 
respectively. The SPB pairs observed by fluorescence microscopy during meiosis II 














I have shown that Slk1p regulated the fidelity of the process of sporulation, but was 
not essential for it.  Since Sid2p, the protein most related to Slk1p, and the entire SIN 
are expressed during meiosis and sporulation (Krapp et al., 2006; Mata et al., 2002), 
the possibility that Sid2p and Slk1p might perform overlapping functions in the 
regulation of sporulation was considerated.  To test if this was the case, I constructed 
a double mutant of the genotype sid2-250 slk1∆.  It has been previously shown that 
the sid2-250 allele was only partially functional at 24oC and was non-functional at 
36oC (Mishra et al., 2005).  The homothallic sid2-250 strain underwent meiosis and 
sporulation normally at 24oC.  Interestingly, homothallic sid2-250 slk1∆ cells were 
completely unable to sporulate, under conditions in which slk1∆ was partially 
compromised for sporulation and the sid2-250 was not compromised for sporulation 
(Figure 3.8A).  Consistent with the inability of sid2-250 slk1∆ to sporulate, these 
double mutants did not stain with iodine vapour (Figure 3.8B).  These studies 
established that the pair of highly related protein kinases Slk1p and Sid2p are 
indispensable for sporulation.  Time-lapse imaging of Meu14p-GFP and GFP-Psy1p 
in the sid2-250 slk1∆ double mutant revealed similar behavior of these proteins in 
slk1∆ cells and sid2-250 slk1∆ cells (Figure 3.8C and D).  Electron microscopic 
analysis of sid2-250 slk1∆ cells revealed a more penetrant sporulation defect 
characterized by the presence of small spores that lacked nuclei (Figure 3.8E). 
 
A strong reduction in the efficiency of sporulation was also observed in double 
mutants lacking Slk1p and two other components of the SIN; mob1-R4 and spg1-106  
(Figure 3.9).  The other SIN components did not combine to generate synthetic 
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Figure 3.8 Overlapping role for Slk1p and Sid2p in sporulation. 
 (A) Synthetic genetic interaction between sid2-250 and slk1∆ mutants.  Left panel, 
proper spores were formed in sid2-250 cells (MBY4363) at 24oC. Middle Panel, 
aberrant spores were formed in slk1∆ cells (MBY1850). Right panel, no spores were 
formed in sid2-250 slk1∆ cells (MBY4355). Scale bar, 10 µm. (B) Iodine vapor 
staining of slk1∆, sid2-250 and sid2-250 slk1∆ cells. A heterothallic wild-type strain 
(h-) and a homothallic wild-type strain (h90) were used as negative and positive 
control, respectively (C) Time-lapse imaging of Meu14p-GFP in sid2-250 slk1∆ cells 
(MBY4594).  Initially Meu14p assembled into rings in these cells.  However, 
constriction of Meu14p rings led to more than four (and up to eight) Meu14p 
containing structures (Arrows).  Scale bar, 10 µm. (D) Time-lapse fluorescence 
microscopy of GFP-Psy1p in sid2-250 slk1∆ cells (MBY4377). Psy1p localized 
initially and assembled cup-shaped structures. However, spore membrane expansion 
was abnormal leading to defective sporulation. Scale bar, 10 µm.   (E) Electron 
microscopic images of the ascospores of sid2-250 slk1∆ cells (MBY4355) show 
anucleate spore wall and naked nuclei.  The black arrowheads show naked nuclei. 
White arrows show misshapen anucleate spore wall. Nuclei are marked as N. Cells 












effects with slk1∆ at 24ºC, upon iodine vapor staining.  However, the observations 
that cdc11-136, sid4-SA1, spg1-B8 and sid1-C14 were defective in sporulation 
(Krapp et al., 2006) might indicate that Slk1p might synergize with a significant 
proportion of the SIN to regulate sporulation. 
 
3.2.9 Overexpression of psy1 rescues sporulation defect of the sid2-250 slk1∆ 
mutant 
 
In S. pombe, previous studies have shown that the general protein secretion apparatus 
played an important role in forespore membrane (FSM) assembly (Nakamura et al., 
2005).  Since the sporulation phenotype of sid2-250 slk1∆ appeared to result from 
insufficient membrane delivery, I tested if overproduction of known components of 
the secretory pathway that function in sporulation was able to rescue sid2-250 slk1∆ 
cells.  In particular, SpSec9p, related to SNAP-25, and its interacting partner, Psy1p, 
related to syntaxins, are essential for FSM assembly (Nakamura et al., 2001; 
Nakamura et al., 2005).  I therefore tested if increased dosage of Psy1p and Sec9p 
was able to suppress the sporulation defect of sid2-250 slk1∆ mutants.   The sid2-250 
slk1∆ strain (rather than the slk1∆ single mutant) was chosen due to the increased 
severity of the FSM formation defect in this double mutant.  The homothallic sid2-
250 slk1∆ double mutant (MBY4355) was transformed with the plasmids pREP41-
psy1, pREP1-psy1, pREP41-slk1, pREP41-sec9, pREP1-sec9, pREP41 and pREP1.   
As expected, cells carrying the empty vector were incapable of sporulation (Figure 
3.10A and B).   
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Figure 3.9 Synthetic genetic interaction between slk1∆ and SIN mutants.  
About 5µl of 10-fold serial diluted of cells of the indicated genotypes were spotted 
and grown onto YPD plates at 24oC for 5 days and tested for sporulation.  Plates 
were exposed to iodine vapour (I2) to stain spore walls. + indicates normal 





















Under the conditions used, high-dosage expression of Sec9p did not lead to rescue of 
the sporulation defect of sid2-250 slk1∆ (data not shown).     Interestingly, increased 
dosage of Psy1p led to a significant suppression of the sporulation defect of the sid2-
250 slk1∆ double mutant (Figure 3.10A and B).  Quantification showed that there 
were about 37% asci in pREP1-psy1 transformants (MBY4563), and 20% asci in 
pREP41-psy1 transformants (MBY4562) containing spores, although the spores in 
the asci were smaller than wild-type spores and the spore numbers in each ascus 
varied (Figure 3.10A and B).  Whereas spores from sid2-250 slk1∆ rescued by 
pREP41-slk1 retained nearly 94% viability, approximately 35-50 % of spores 
overexpressing Psy1p were viable (Figure 3.10C). These studies established that the 
syntaxin-related Psy1p might function as a key element downstream of Slk1p and 
Sid2p in the regulation of FSM assembly. 
 
3.2.10 Genetic interactions between spo3 and slk1 mutants 
 
Here, over expression of Psy1p rescued the sporulation defect of slk1∆ sid2-250 
mutants.  Previous studies have also shown over production of Psy1p rescued the 
sporulation defect of cells defective in the coiled-coil protein Spo3p, which plays an 
important role in FSM assembly (Nakamura et al., 2001; Nakamura et al., 2005).   I 
therefore attempted to study the behavior of Spo3p-GFP in slk1∆ cells.  Surprisingly, 
it was found that sporulation was completely abolished in slk1∆ cells expressing 
Spo3p-GFP (Figure 3.11A).  This might result from the fact that Spo3p-GFP might 
be partially compromised for function.  Like GFP-Psy1p, Spo3p-GFP localized 
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Figure 3.10 Increased expression of psy1 suppresses the sporulation defect of 
sid2-250 slk1∆ double mutant cells.  
(A) Bright field microscopy of meiotic sid2-250 slk1∆ cells carrying the indicated 
plasmids. Expression of psy1 or slk1 was induced on minimal medium at 24oC for 
five days. Scale bar, 10 µm. (B) Sporulation efficiency of the transformants. 
Transformants were scored for the percentage of asci that contained present spores. 
(C) Quantification of spore germination of the transformants carrying the indicated 
plasmids. Vegetative cells were cultured to mid-log phase in liquid minimal medium 
supplemented with 25 µM thiamine, concentrated to OD595=1.0, and then spotted on 
MM complete without leucine plates to allow sporulation. The sporulated cells were 
collected and digested with NEE-154 glusulase and 2000 spores were plated on a 

















normally to the forming membranes initially in both slk1∆ and sid2-250 slk1∆ cells 
(Figure 3.12).  EM analysis confirmed that sporulation was drastically affected in the 
slk1∆ spo3-gfp strain and unpackaged nuclei and “anucleate shells” were routinely 
detected in asci generated from this strain (Figure 3.11B).  Thus it is likely that 
Spo3p functions in parallel with Slk1p or that loss of Slk1p function might result in 




















Figure 3.11 Genetic interactions between spo3-gfp and slk1 mutants. 
 (A) Bright field images of asci from strains of indicated genotypes.  spo3-gfp 
(MBY3663), slk1∆ (MBY1850) and slk1∆ spo3-gfp (MBY 3698) cells were 
sporulated on YPD plates at 28oC for two days, and were observed using phase 
contrast microscopy. Scale bar, 10 µm. (B) Electron microscopic images of the 
ascospores of slk1∆ spo3-gfp cells (MBY3698) show anucleate spore wall and naked 
nuclei.  The black arrowheads show naked nuclei. White arrows show misshapen 
anucleate spore wall. Nuclei are marked as N. Scale bar, 1 µm. (C) Schematic 




















Figure 3.12 Genetic interactions between spo3-gfp and sid2-250 mutants. 
 (A) Microscopic images of asci from strains of the genotypes; sid2-250 (MBY4363), 
spo3-gfp (MBY3663), sid2-250 spo3-gfp (MBY 5193) and spo3-gfp sid2-250 slk1∆ 
(MBY4591). Scale bar, 10 µm. (B) Time-lapse fluorescence microscopy study of 
Spo3p-GFP in slk1∆ (MBY3698) and sid2-250 slk1∆ (MBY4591) cells. Scale bar, 

























3.3 Discussion  
 
3.3.1 The protein kinases Slk1p and Sid2p localize to the SPB during meiosis 
The SIN is a signalling cascade that is essential for cytokinesis in vegetative S. 
pombe cells (Balasubramanian et al., 1998; McCollum and Gould, 2001; Simanis, 
2003).  The SIN comprises a GTPase (Spg1p) and three protein kinases (Cdc7p, 
Sid1p, and Sid2p), all of which localize to the SPBs, while the Sid2p kinase and its 
binding partner Mob1p also localize to the division site (Hou et al., 2000; Hou et al., 
2004; Krapp et al., 2004; Simanis, 2003; Sparks et al., 1999).  Recent studies using 
DNA microarrays have shown that the SIN is also expressed during meiosis (Mata et 
al., 2002).  Components of the SIN localize to the SPBs during meiosis (Krapp et al., 
2006).  However, none of the SIN components have been shown to localize to the 
division site (i.e. newly forming membranes) during sporulation.  Previous studies 
have, however, shown that SIN components are important for proper sporulation and 
for forespore membrane assembly (Krapp et al., 2006).   
 
This study has characterized Slk1p, a protein highly related to Sid2p, the most 
downstream component of the SIN.  Slk1p has been identified as the product of the 
mug27 gene (meiotic up-regulated gene-27) from a microarray based analysis of 
genes expressed during meiosis and its expression has not been detected in 
mitotically growing vegetative cells (Martin-Castellanos et al., 2005).  Slk1p has 
been independently characterized by two other research groups recently and these 
authors arrive largely at similar conclusions (Ohtaka et al., 2008; Perez-Hidalgo et 
al., 2008). 
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Although the regions of high similarity between Slk1p and Sid2p lie in the protein 
kinase domain (approximately 51% identity), the non-kinase domains are also related, 
in that the amino-acids upstream of the kinase domain exhibit 18% identity, while 
those downstream of the kinase domain exhibit 28% identity. Slk1p, like Sid2p, 
contains activatory phosphorylation sites within the kinase domain (serine 356) and 
the non-kinase domain (threonine 537).  Phosphorylation of these sites is thought to 
facilitate binding of the activatory subunit Mob1p (Hou et al., 2004).  Interestingly, 
the two-hybrid interaction between Slk1p and Mob1p as well as synthetic genetic 
interactions between cells defective in slk1 and mob1 has been studied, suggesting 
that Mob1p might serve as an activating subunit of Slk1p. 
 
Slk1p, like other components of the SIN, localizes to the SPB during meiosis I and II.  
Interestingly, unlike other components of the SIN, Slk1p is also detected at the 
forming forespore membrane.  It is presently unclear if Sid2p, which is most related 
to Slk1p, does not localize to the forespore membranes or that the Sid2p signal at the 
FSM is too weak to be clearly detected.  Previous studies have identified a pathway, 
composed of proteins such as Spo15p and Spo3p, which participates in the 
maturation of the SPB during meiosis II as well as in the process of FSM assembly 
(Ikemoto et al., 2000; Nakamura et al., 2001).  This study has shown that the 
localization of Slk1p to the SPBs is independent of the function of Spo3p and 
Spo15p.  Whereas Slk1p localizes normally in the improperly formed FSMs in spo3∆ 
cells, Slk1p is not detected at the FSM in spo15∆ cells.  Presently it is unclear if this 
reflects a requirement for Spo15p in the localization of Slk1p to the FSM or if the 
absence of Slk1p at the FSM is purely a consequence of the lack of FSM in spo15∆ 
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cells.  Interestingly, it has found that reduction of the level of the SIN scaffold 
protein, Sid4p (upon meiotic shut-off of sid4 expression in Prad21-sid4 cells) or 
impairment of function of the SIN scaffold Cdc11p leads to a dramatic reduction in 
the levels of Slk1p at the SPBs, suggesting that Slk1p, like Sid2p, might function 
downstream of the SIN.  This conclusion is also consistent with the finding that 
localization of all SIN components tested is unaffected in slk1∆ cells.  The sequence 
similarity between Slk1p and Sid2p, taken together with the localization 
dependencies between the SIN and Slk1p suggest that Slk1p might be a novel 
downstream component of the SIN during meiosis and sporulation. 
 
3.3.2 Slk1p and Sid2p are essential for sporulation and regulate FSM assembly 
 
Previous studies have shown that Slk1p is not essential for viability although minor 
defects in chromosome segregation during meiosis have been reported (Bimbo et al., 
2005; Martin-Castellanos et al., 2005).  A variety of defects pertaining to sporulation 
in slk1∆ cells was found.  These defects include the formation of asci that contain 
less than four spores, the formation of asci with no spores, as well as the formation of 
those with four small-sized spores.  The mutant allele of slk1 (slk1K191R), that 
specifically affects the putative ATP binding site in Slk1p leads to defective 
sporulation, suggesting that the ATP binding site (and by extension the protein 
kinase activity of Slk1p) is essential for its role in sporulation.  Since Slk1pK191R is 
capable of localizing to the SPB but not the forming spore membranes of the 
improper spores, it is likely that the protein kinase activity might control functions of 
Slk1p directly pertaining to later events of spore membrane or wall assembly.  
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Consistent with the high sequence similarity between Slk1p and Sid2p, this study 
showed that the simultaneous loss of both of these proteins led to a complete 
inability in sporulation.  Stronger sporulation defects were also observed when slk1∆ 
was combined with mob1-R4 and spg1-106, mutations affecting two key components 
of the SIN (Figure 3.9 and data not shown).  The genetic interaction between slk1 
and upstream SIN mutants might indicate that Slk1p functions in parallel with the 
SIN to regulate sporulation.  However, it is more likely that the compromise of 
upstream SIN mutants might result in reduced function of the downstream 
component of the SIN, Sid2p.  This compromise of sid2 function might in turn result 
in the strong additive effect between upstream SIN mutants and slk1, as in the case of 
slk1 and sid2-250. 
 
What is the molecular function of Slk1p and Sid2p in sporulation?  Although under 
some conditions, cells lacking slk1 displayed minor chromosome segregation defects 
(Bimbo et al., 2005; Martin-Castellanos et al., 2005; Mata et al., 2002), the vast 
majority of slk1∆ and sid2-250 slk1∆ cells undergo meiosis I and II without obvious 
defects (data not shown).  These observations suggest that the inability of sid2-250 
slk1∆ mutants to sporulate is unrelated to defects in progression through meiosis I 
and II.  The fact that Slk1p localizes to the forespore membrane during sporulation, 
instead, suggests a more direct role for Slk1p (and possibly Sid2p) in spore assembly.   
 
Sporulation in fission yeast involves a series of highly coordinated events, starting 
with the maturation of the meiosis II SPB to the eventual assembly of spore 
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membranes and spore walls (Shimoda, 2004).  The coiled-coil domain containing 
protein Spo15p plays a key role in the initiation of forespore membrane assembly, by 
allowing the maturation of meiosis II SPB, leading to the formation of a Spo15p 
crescent-structure (Ikemoto et al., 2000).  Cells defective in slk1∆ as well as those 
doubly defective in slk1∆ and sid2-250 are able to assemble Spo15p crescents 
suggesting that Slk1p and Sid2p do not play an important role in the maturation of 
the meiosis II SPB.  Following maturation of the SPB, secretory vesicles are directed 
towards the mature SPBs.  Spo3p, a coiled-coil domain containing protein, and the 
syntaxin-related protein Psy1p are important for assembly of new membranes 
(Nakamura et al., 2001).  Assembly of membranes is initiated near the meiosis II 
SPB and a leading edge composed of a ring of Meu14p and associated factors allows 
growth of membranes, initiating at the SPB and moving towards the mid-spindle 
(Nakamura et al., 2001; Okuzaki et al., 2003; Shimoda, 2004).  This study showed 
that Meu14p assembled leading edges in slk1∆ and sid2-250 slk1∆ mutants.  
However, unlike in wild-type cells these Meu14p leading edge-rings constrict and 
bisect the nucleoplasm.  Analysis of the syntaxin Psy1p provided further clues into a 
potential molecular function of Slk1p and Sid2p in sporulation.  Psy1p (and its 
interacting partner Spo3p) assembled normally near the SPB in slk1∆ and sid2-250 
slk1∆ double mutants.  However, during forespore membrane extension, the Psy1p 
and Spo3p are not maintained properly leading to the formation of smaller spores 
lacking nuclei.  These observations suggest at least two possibilities.  First, it is 
possible that Slk1p and Sid2p delay Meu14p (leading edge) ring constriction until 
the chromosomes have fully segregated to the daughter nuclei.  Second, Slk1p and 
Sid2p might play a partial role in the recruitment of components important for 
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secretory vesicle targeting, failure of which might lead to constriction of the Meu14p 
ring at inappropriate locations leading to defective spatial coordination of spore 
membrane assembly with nuclear position.  This second scenario is more acceptable 
since over expression of Psy1p leads to reversal of the sporulation defect of sid2-250 
slk1∆ mutants, as well as to increased spore viability.  The decreased speed of spore 
formation in slk1∆ cells (this study and (Perez-Hidalgo et al., 2008)) as well as the 
formation of smaller sized spores in slk1∆ cells are also consistent with a role for 
Slk1p in recruiting components important for spore membrane biogenesis.   
 
Although ascertaining the precise mechanism of action of Slk1p and Sid2p during 
meiosis requires the identification of substrates of these kinases, genetic analyses 
suggest a few possibilities (Figure 3.11C).  In particular genetic interactions have 
been uncovered between slk1 and spo3 and slk1 and psy1.  Given the strong 
interactions between these three proteins, it is possible that Slk1p might 
phosphorylate either Spo3p or Psy1p, or both.  S. cerevisiae Sso1p, a protein highly 
related to fission yeast Psy1p has been shown to be recruited to membranes upon 
dephosphorylation (Marash and Gerst, 2001).  It is possible that activation of Slk1p 
and Sid2p might lead to phosphorylation of Spo3p or indirectly to the 
dephosphorylation of Psy1p, leading to membrane recruitment and membrane 
expansion.  Future studies should test these possibilities. 
 
While the current study has focused on the links between the SIN and vesicle 
targeting in meiosis and sporulation, it will be interesting to assess if the SIN might 
play a similar role in vesicle targeting during normal cytokinesis.  In this context, it is 
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interesting to note that the mammalian protein Centriolin, which is related to the 
fission yeast SIN component Cdc11p, plays an important role in recruitment of the 
exocyst and SNAREs during terminal stages of cytokinesis (Gromley et al., 2005).  It 
is therefore likely that the SIN might emerge as a key regulator of the assembly of 

























Cytokinesis in many organisms is achieved through the use of an actomyosin ring 
comprising of F-actin and type II myosin (Fujiwara and Pollard, 1976; Fujiwara et al., 
1978; Schroeder, 1968, 1973). The contraction of the actomyosin ring is presumed to 
guide membrane assembly during cytokinesis (Dobbelaere and Barral, 2004). During 
mitosis, fission yeast cells divide through the use of an actomyosin based contractile 
ring (Balasubramanian et al., 1992; Balasubramanian et al., 1994; Balasubramanian 
et al., 1998; Chang et al., 1997; Eng et al., 1998; Fankhauser et al., 1995; Le Goff et 
al., 2000; Marks et al., 1986; McCollum et al., 1995; Naqvi et al., 2000; Wong et al., 
2000; Wu et al., 2003).  The actomyosin ring is assembled at the onset of mitosis and 
constricts concomitant with the centripetal addition of new membranes and the 
division septum at the end of mitosis (Balasubramanian et al., 2004; Wu and Pollard, 
2005; Wu et al., 2006). The contraction of actomyosin ring and the formation of new 
membrane and the division septum are regulated by septation initiation network 
(McCollum and Gould, 2001; Simanis, 2003). 
 
During meiosis, a different type of cytokinesis regulates the formation of gametes 
(spores) in S. pombe and several other yeasts and fungi.  Recent studies have shown 
that, as in mitosis, sporulation is dependent on the SIN.  SIN proteins localize to 
SPBs during meiosis and the pathway is activated during the second meiotic division.  
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In some SIN mutants, the forespore membrane (FSM) assembly is defective, 
resulting in unencapsulated nuclei (Krapp et al., 2006; Ohtaka et al., 2008; Perez-
Hidalgo et al., 2008; Yan et al., 2008).  Although SIN has been analysed, how F-
actin participates in this process and if SIN regulates actin cytoskeletal function 
during meiosis are not fully understood.  
 
In this chapter IV, I characterize the dynamics and function of the actin cytoskeleton 
during meiosis and sporulation.  This study describes a novel meiotic actin ring 
(MeiAR), which contains F-actin and its nucleators and appears to participate in 
proper assembly of the forespore membrane.  It further demonstrates that the rate of 

















4.2.1 F-actin assembled into rings that follow the leading edge during FSM 
assembly in S. pombe. 
 
Previous studies have shown that F-actin assembles into ring-like structures during 
meiosis II in fission yeast (Itadani et al., 2006; Ohtaka et al., 2007; Petersen et al., 
1998).  Consistent with the previous work, it was found that F-actin assembles into 
rings in meiosis II (Figure 4.1A).  Staining of fixed wild-type cells with FITC-
phalloidin and DAPI revealed a striking array of F-actin rearrangements.  In cells 
undergoing horsetail movement (Figure 4.1A, cell 1) of chromosomes, F-actin was 
detected in patches throughout the forming ascus.  Similarly, F-actin was detected in 
patches in cells that had completed meiosis I (Figure 4.1A, cells 2 and 3).  Around 
the time of initiation of chromosome segregation in meiosis II (Figure 4.1A, cells 4 
and 5) F-actin started to accumulate near the nuclei.  In cells in which chromosome 
segregation had initiated during meiosis II (Figure 4.1A, cells 6 and 7), F-actin 
organization was apparent as four ring structures.  Following full segregation of 
chromosomes (Figure 4.1A, cells 8-12), the diameter of the F-actin rings decreased.  
In cells that had completed sporulation (Figure 4.1A, cell 13) F-actin was detected in 
randomly organized patches.  
 
Since previous studies had not investigated the dynamics of F-actin during 
sporulation, the green fluorescent protein (GFP) was fused to the Calponin 
Homology Domain (CHD) of Rng2p to detect the dynamics of F-actin ring assembly.  
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The GFP-CHD fusion, which binds to all F-actin structures, has been used previously 
to study the dynamics of F-actin in the mitotic cell cycle (Karagiannis et al., 2005).  
Live cell imaging was performed to analyse the spatial relationship between F-actin 
and Meu14p (a marker of the leading edge) during sporulation.  Before meiosis II, 
GFP-CHD patches were randomly distributed in the cytoplasm (Figure 4.1B, -20 
min,-3 min).  At metaphase II, the number of GFP-CHD patches in the cytoplasm 
gradually decreased, while bright GFP-CHD signals started to accumulate at each of 
the four SPBs (Figure 4.1B; Figure 4.1C, visualized with the nuclear envelope 
marker Cut11p-mCherry). Subsequently, the four bright GFP-CHD dots each formed 
a donut-like structure, indicating the initiation of FSM assembly (Figure 4.1B).  
During this stage, the size of the GFP-CHD rings began to expand to the maximum 
diameter (Figure 4.1B, 0-20.5 min) and GFP-CHD overlapped with the leading edge 
ring protein marker Meu14-mCherry (Figure 4.1C, 0-20 min, lower panel).  However, 
after anaphase II (Figure 4.1C), the GFP-CHD rings started to shrink in diameter 
until they disappeared completely, which indicated closure of the FSMs (Figure 4.1B, 
20.5-58.5 min; Figure 4.1C, 24-66 min).  During this shrinking stage, the 
fluorescence of ring-like structure of GFP-CHD was rather broad and followed 
behind the leading edge Meu14 rings (Figure 4.1C, right panel).  Finally, the GFP-
CHD diffused into each newly formed spore (Figure 4.1B, 61.5 min; Figure 4.1C, 72 
min).  The results are shown schematically in Figure 4.1D.  These studies established 
that F-actin assembled into rings that follow the leading edge during FSM assembly. 
 
4.2.2 Localization of actin nucleators to the leading edge during FSM formation 
in S. pombe.   
 87
Figure 4.1 F-actin dynamics during meiosis in S. pombe.  
 (A) F-actin localization during various stages of sexual differentiation in the 
representative cell.  F-actin was stained with phalloidin (green) and DNA was stained 
with DAPI (red) in fixed wild-type cells (MBY1238) undergoing meiosis and 
sporulation.  (B) Time-lapse images showing the dynamics of GFP-CHD in cell 
undergoing FSM formation.  Images were taken using a LSM510 Meta inverted 
confocal microscope.  (C) Time-lapse images showing the dynamics of GFP-CHD 
(green), Cut11p-mCherry (red, marked the nuclear envelope and spindle pole body, 
SPB) and Meu14p-mCherry (red, Leading edge protein) in cell (MBY5998) 
undergoing FSM formation.  Images (upper panel) were captured every 6 minutes.  
The images (lower panel) were captured every 2 minutes. Arrows show the 
localization of Cut11p-mCherry at the SPBs during meiosis II. The time, with 0 
minute being the time at which FSM formation begins, is indicated at the bottom of 
each image.  Enlarged image (right panel) shows that GFP-CHD colocalized with 
Meu14p-mCherry at the leading edge of FSM, but GFP-CHD was rather broad and 
positioned slightly behind the Meu14p rings at late meiosis II.  Images were taken 
using a spinning disk confocal microscope.  Scale bars, 10 µm.  (D) The schematic 
representation shows the dynamics of CHD (green), Cut11p (pink), Meu14p (red) 











Assembly of actin filaments from their monomeric subunits requires actin nucleators 
Arp2/3p complex and formins (Baum and Kunda, 2005; Campellone and Welch, 
2010; Chesarone and Goode, 2009).  The Arp2/3p complex is known to nucleate and 
organize actin into a dense network of short, branched actin filaments 
(Balasubramanian et al., 2004; Goley and Welch, 2006).  By contrast, formins are 
required for unbranched actin cable formation during interphase and mitosis 
(Evangelista et al., 2003; Pruyne et al., 2002).  The mYFP-Arp2/3p complex 
colocalized with Meu14p-mCherry at the leading edge throughout the entire process 
of FSM assembly (Figure 4.2.1A).  For3p-GFP also colocalized and constricted in 
concert with the Meu14-mCherry rings (Figure 4.2.1A).  The type I myosin Myo1p 
is known to recruit the Arp2/3p complex and is involved in actin polymerization 
during mitosis (Itadani et al., 2006; Lee et al., 2000).  Consistently, Myo1p was also 
detected at the leading edge during FSM assembly (Figure 4.2.1B).  In all cases, it 
was noticed that the rings of Meu14p, Arp2/3p, For3p, and Myo1p were larger in 
width compared to those of GFP-CHD and a significant fraction of F-actin in the 
MeiAR trailing the leading edge (Figure 4.2.1A,B,C).  These experiments suggested 
that F-actin polymerized at the leading edge through the action of the nucleators such 
as Arp2/3p complex and the formin-For3p.  
 
Consistent with a role in sporulation, for3∆ cells generated spores with an abnormal 
morphology and size (Figure 4.2.1D,E).  In addition, several asci contained more 
than four spore-like structures.  Furthermore, most spores from for3∆ cells showed 
an ellipsoidal shape rather than the smooth spherical shaped morphology of spores 
observed in wild-type cells (Figure 4.2.1D).  Excessive proliferation of disorganized 
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GFP-Psy1p was observed in for3∆ cells (Figure 4.2.2F,G,H). The Arp2/3p complex 
is essential for cell viability and therefore it is unable to investigate its role in 
sporulation, since the available alleles do not permit such analysis.  Collectively 
these experiments established that actin is polymerized at the leading edge of the 
MeiAR and the nucleators and F-actin at the MeiAR are likely to participate in 
proper sporulation. 
 
4.2.3 Actin is required for proper spore morphology in S. pombe. 
 
To further investigate the role of F-actin in sporulation, fission yeast cells were 
treated with Lat A to prevent actin polymerization during sporulation (Ayscough et 
al., 1997) and time-lapse analysis were carried out to examine the FSM assembly  
during sporulation.  I compared the morphologies of the FSM and the nucleus in 
DMSO and Lat A treated cells by live examination of the dynamics of GFP-Psy1p, 
Meu14p-mCherry and mCherry-Atb2p.  Psy1p is a fission yeast homolog of 
mammalian syntaxin 1A, which is a t-SNARE (soluble NSF attachment protein 
receptor) protein involved in membrane assembly (Maeda et al., 2009; Nakamura et 
al., 2001; Nakamura et al., 2008; Shimoda, 2004).  Psy1p disappears from the 
plasma membrane upon exit from meiosis I and reappears in the nascent FSMs 
(Maeda et al., 2009; Nakamura et al., 2001; Nakamura et al., 2008). Thus, 
monitoring the movement of GFP-Psy1 allowed me to visualize the process of FSM 
formation. Observation of the mCherry-Atb2p allowed me to monitor the progression 
through the meiotic cell cycle. 
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Figure 4.2.1 Localization of actin nucleators to the leading edge during FSM 
formation in S. pombe.   
(A) Time-lapse images showing the colocalization of mYFP-Arp2p (green) and 
Meu14p-mCherry (red) (upper panel, MBY6206), mYFP-Arp3p (green) and 
Meu14p-mCherry (red) (middle panel, MBY6228) and For3p-GFP (green) and 
Meu14p-mCherry (red) (lower panel, MBY6237) in cells undergoing FSM formation.  
Enlarged images (right panels) show that mYFP-Arp2p, mYFP-Arp3p and For3p-
GFP colocalized with Meu14p-mCherry at the leading edge of FSM at late meiosis II, 
respectively.  (B) Time-lapse images showing the colocalization of Myo1-GFP 
(green) with Meu14-mCherry (red) at the leading edge in cells (MBY6048) 
undergoing FSM assembly.  Enlarged image (right panel) shows that Myo1p-GFP 
colocalized with Meu14p-mCherry at the leading edge of FSM at late meiosis II.  (C) 
Time-lapse images showing the colocalization of GFP-CHD (green) with Arp3p-
mCherry (red) at the leading edge of FSM in cells (MBY6241) undergoing FSM 
assembly.  Enlarged image (right panel) shows that GFP-CHD colocalized with 
Arp3p-mCherry at the leading edge of FSM, but GFP-CHD signal was rather broad 
and positioned slightly behind the Arp3p-mCherry rings at late meiosis II.  The time, 
with 0 minute being the time at which FSM formation began, is indicated at the 
bottom of each image.  Images were taken using an inverted confocal microscope 
except that For3p-GFP images in A (lower panel) were taken using a spinning disk 









Figure 4.2.2 Localization of actin nucleators to the leading edge during FSM 
formation in S. pombe.  
(D) For3p is required for proper sporulation.  Wild-type cell produce asci with 4 
spherical spores.  for3∆ mutant generated asci with abnormal spores.  Various 
abnormalities in spore morphologies in for3∆ cells are shown: 1 and 2, bubble-like 
spores (arrows); 3, spores with ruffled spore wall; 4, ellipsoidal shaped spores; 5, 
more than 4 smaller sized spore-like structures.  Wild-type (MBY1238) and for3∆ 
(MBY5911) h90  homothallic strains were incubated on sporulation media (YPD) at 
28 °C for 2 days.  (E) Quantification of spore number per ascus.  At least 500 
tetranucleate cells were counted for each genotype. (F) Localization of GFP-Psy1p in 
wild-type and for3∆ asci.  Wild-type cells (MBY3664) and for3∆ cells (MBY7583) 
expressing GFP-Psy1p were induced to undergo meiosis at 31 °C for 2 days.  GFP-
Psy1p in for3∆ cells showed abnormal shape rather than the round shape in wild-type 
cells. (G) Quantification of GFP-Psy1p in wild-type (MBY3664) and for3∆ asci 
(MBY7583). Cells were induced to undergo meiosis on YPD plates at 31oC for 24 
hrs.  (H) Time-lapse microscopy of GFP-Psy1p in for3∆ cells. Images were taken 
after anaphase II. The GFP-Psy1p formed cup-shaped and round-structured FSM (0-
18 min) but failed in terminating the assembly of FSMs (24-96 min), resulting in the 
disorganized FSMs (96 min, white arrows).  Images were taken using a spinning disk 























































First, it was established that Lat A treatment led to a complete dispersal of actin 
nucleators For3p and Arp2/3p from the leading edge as well as a loss of all 
detectable F-actin and the MeiAR (Figure 4.3).  Time-lapse movies showed that, in 
comparison to DMSO treated cells, the localization of GFP-Psy1p was significantly 
different in cells treated with Lat A.  DMSO treated cells developed FSMs marked 
by Psy1p and formed four nucleated forepores (Figure 4.4A).  In cells undergoing 
meiosis II, treatment with Lat A led to excessive proliferation of FSMs whose 
geometry was that of abnormal spheres in which several bubble-like outgrowths were 
noticed (Figure 4.4B).   Interestingly, these bubble-like structures were visualized 
just at the point of the closure of FSM (Figure 4.4B, upper panel 105 min; lower 
panel 51 min and 57 min, arrows).  The bubble structures extended to form long 
tubes and stopped growing at around the time spore walls would have been deposited.   
Normal meiotic spindles were detected in Lat A treated cells, ruling out the 
possibility that improper FSM growth was a consequence of abnormal mitosis 
(Figure 4.4B).  To understand the detailed morphology of the bubble-structures, 
electron microscopy (EM) was used to examine them.  EM observation in wild-type 
cells revealed four normal spores that encapsulate nuclei, rough endoplasmic 
reticulum, Golgi apparatuses and mature spore walls (Figure 4.4C, i and iv).  By 
contrast, in Lat A treated cells, many of the bubbled spores containing haploid nuclei 
retained a canal-like passage of cytoplasm between the mother and daughter spores 
(Figure 4.4D, ii) and displayed ruffled, seemingly fragile spore walls (Figure 4.4D, 
iii).  Moreover, the fragile spore walls did not stain with anillin blue, implying 
defects in spore wall formation and / or maturation (Figure 4.5).  All these  
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Figure 4.3 Time-lapse images showing the dynamics of actin nucleators during 
FSM assembly in cells treated with 100µm Lat A.  
GFP-CHD (MBY6071), mYFP-Arp2p (MBY6206) and For3p-GFP (MBY6236) 
failed to colocalize with Meu14p-mCherry at the leading edge rings and diffused into 
the cytosol.  Images were captured using a spinning disk microscope, except for 
images of mYFP-Arp2p which were captured by an inverted confocal microscope.  























Figure 4.4 Actin is required for proper spore morphology in S. pombe.   
(A) Time-lapse images showing the dynamics of GFP-Psy1p (green), Meu14p-
mCherry (red) and mCherry-Atb2p (red) during meiosis I, meiosis II and sporulation 
in cells (MBY6197) treated with DMSO.  GFP-Psy1p signals were first observed at 
the plasma membrane of the mother cell before the completion of meiosis I (0-61 
min); the signals then preferentially diffused into the ascus before meiosis II (79-90 
min); subsequently, the GFP-Psy1p signals accumulated to form the cup-shaped 
FSMs during meiosis II (103-160 min).  A closed compartment of the FSM 
containing a single nucleus was eventually formed (229 min).  (B) F-actin was 
required for the termination of FSM assembly and spore morphology.  Time-lapse 
images showing the dynamics of GFP-Psy1p (green), Meu14p-mCherry (red) and 
mCherry-Atb2p (red) in cells (MBY6197) treated with 100 µm Lat A before the 
initiation of meiosis II (upper panel) and after the initiation of meiosis II (lower 
panel).  Upper panel: Images were taken at the initiation of meiosis II (0 min).  The 
GFP-Psy1 formed cup-shaped and round-structured FSM (0-78 min) but failed in 
terminating the assembly of FSMs (105-276 min), resulting in the tubule-like FSMs 
(105 min, white arrows).  Lower panel: Images were taken after anaphase II.  The 
GFP-Psy1p formed the tubule-like FSMs (48-99 min, white arrows).  Images were 
taken using a spinning disk confocal microscope.  Scale bars, 10 µm.  (C) EM 
images of FSMs (i,ii,iii) and spores (iv,v,vi) in wild-type cells.  (D) EM images of 
bubbled FSMs and tubule shaped immature spore wall in wild-type cells treated with 
100 µm Lat A. ii-iii, enlarged views of the indicated regions show abnormally 
shaped tubule shaped FSM and spore wall.  N, nuclei. White arrow, bubbled FSM.  






Figure 4.5 Immature spores are formed in S. pombe cells treated with Lat A 
overnight. 
(A) Anillin blue stained the spore wall in an ascus with mature spores (Arrow). (B) 
Anillin blue failed in staining the fragile spore wall in four-nuclear asci with 





















LatA overnight (fixed mature spores)




experiments established that a key role of MeiAR during meiosis II is to coordinate 
the FSM assembly with the progression of the leading edge. 
 
4.2.4 SIN is required for MeiAR constriction. 
 
During cytokinesis coupled with progression of mitosis in vegetative cells, the SIN  
is required for actomysin ring maintenance, new membrane formation and cell wall 
assembly (Balasubramanian et al., 2004; Krapp et al., 2004; Krapp and Simanis, 
2008; McCollum and Gould, 2001).  Given that the maintenance and constriction of 
the actomyosin ring in mitosis depended on SIN, it was assessed if the rate of 
progression / constriction of the MeiAR depended on the SIN.  To address this 
question, a strain (Prad21-sid4) was used. In this strain the gene encoding Sid4p was 
placed downstream of the promoter of the rad21 gene, which is turned off during  
meiosis.  In chapter III, it has been shown that such cells assemble 4 abnormal spores, 
two of which are larger and the other two smaller than spores in wild-type cells 
[(Figure 4.6) and (Yan et al., 2008)].  In fixed Prad21-sid4 cells, two of the four 
MeiARs were larger than the other two in later stages of meiosis II (Figure 4.7.1A), 
consistent with a role for SIN in MeiAR progression and constriction. 
 
To understand the dynamics of the MeiAR in Prad21-sid4 cells, time-lapse imaging 
experiments were carried out.  In wild-type cells, each of the four MeiARs present in 
an ascus constricted with similar kinetics such that the closure of the MeiAR, from 
approximately a diameter of 3 µm to a diameter of under 1 µm took roughly 21 
minutes (Figure 4.7.1B and 4.7.2C).  By contrast, in Prad21-sid4 cells twoof the 
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MeiARs constricted with kinetics similar to wild-type cells, while the other two were 
significantly slower.  The diameter of the two slower MeiARs only decreased to 
approximately 1.6 µm in an even longer time frame (Figure 4.7.1B and 4.7.2C).  A 
similar slow down of MeiAR constriction was also detected in sid2-250 slk1∆ cells 
(Figure 4.7.1B and 4.7.2C).  Collectively, the analysis of Prad21-sid4 and sid2-250 
slk1∆ cells established that SIN function was important for proper closure of the 
MeiAR.  Similar defects in MeiAR closure rates were observed in Prad21-sid4 when 


















Figure 4.6 Time-lapse images showing the dynamics of Psy1p (green) and 
Meu14p (red) during FSM assembly in Prad21-sid4 cells (MBY6003).  
Psy1p localized initially and assembled cup-shaped structures (0-30 min).  Prad21-sid4 
cell showed multiple effect, in which different spores within the same ascus 
displayed different defects: GFP-Psy1p showed dot-like (arrow heads) and round 
structures (arrows) in the same ascus. Images were captured using a spinning disk 





















Figure 4.7.1 SIN is required for MeiAR constriction.   
(A) F-actin localization during anaphase II in representative Prad21-sid4 cells 
(MBY3507). F-actin was stained with phalloidin (green) and DNA was stained with 
DAPI (red) in fixed Prad21-sid4 cells.  Two types of MeiARs with different diameters 
are shown: smaller, normal constriction MeiARs (arrows) and broad, slow 
constriction MeiARs (asterisks).  (B) Time-lapse images show the dynamics of GFP-
CHD at the leading edge in wild-type cells (upper panel, MBY6896), Prad21-sid4 cells 
(middle panel, MBY6002) and sid2-250 slk1∆ cells (lower panel, MBY6346). Upper 
panel: each of the 4 MeiARs present in an ascus constricted with similar kinetics in 
wild-type cells (arrows). Middle panel: two of the MeiARs constricted with kinetics 
similar to wild-type cells (arrows), while the other two were significantly slower 
(asterisks).  Lower panel: each of the four MeiARs presents in an ascus constricted 
but failed to form broad bands, resulting in diffused GFP-CHD fluorescence in the 
ascus (asterisks).  The time, with 0 minute being the time at which GFP-CHD had the 


















Figure 4.7.2 SIN is required for MeiAR constriction.   
(C) Graph shows the quantification of the diameters of the GFP-CHD rings as a 
function of time in wild-type (MBY5998), Prad21-sid4 (normal MeiAR constriction, 
abnormal MeiAR constriction) (MBY6002) and sid2-250 slk1∆  (MBY6346) cells 
from maximal diameters to the closure of the GFP-CHD rings.  In wild-type cells, 
the closure of the MeiAR from approximately a diameter of 3 µm to a diameter of 
under 1 µm took roughly 21 minutes.  In Prad21-sid4 cells, the closure of normal 
MeiAR from approximately a diameter of 3 µm to a diameter of under 1 µm took 
roughly 23 minutes; the closure of abnormal MeiARs from approximately a diameter 
of 3 µm to an approximately 1.6 µm took around 27 minutes.  In sid2-250 slk1∆ cells, 
the closure of each abnormal MeiAR from approximately a diameter of 3 µm to an 
approximately 1.6 µm took around 30 minutes.  The diameter of GFP-CHD rings 
was measured using MetaMorph software (n≥30 for each genotype).  The error bar 
denotes the standard deviations.  The FSM-formation process was divided into two 
phases as follows: phase I, from the initiation of FSM formation to the time at which 
the diameter of the GFP-CHD rings is maximal; phase II, the time at which the large 
GFP-CHD ring begins to reduce in size until FSM formation is complete.  The 
depictions indicate the dynamics of GFP-CHD rings and Cut11p-mCherry during 
FSM formation in wild-type, Prad21-sid4 and sid2-250 slk1∆ cells.  (D) Time-lapse 
images show the dynamics of Arp3p-mCherry and For3p-GFP at the leading edge in 
Prad21-sid4 cells.  Two types of MeiAR constriction are shown: two of the MeiARs in 
each genotype cell constricted with kinetics similar to wild-type cells (arrows), while 










































In summary, this study has shown that F-actin assembles into rings that appear to 
provide stability to the leading edge of the forespore membrane assembly machinery, 
thereby coordinating membrane assembly events with the orderly progression of the 
leading edge.  Since Arp2/3p complex and formins are detected in the MeiAR, it is 
likely that the MeiAR is composed of branched F-actin as well as formin-induced 
unbranched actin cables.  The presence of the nucleating proteins at the leading edge 
suggests that the MeiAR might be composed of de novo generated actin filaments 
rather than those redistributed from other regions of the cell.  Here, the type I myosin, 
Myo1p, has been detected in the MeiAR, however, the type II myosins localized 
faintly in the MeiAR (data not shown).  This observation suggests that the MeiAR 
unlike mitotic actomyosin rings and may not be contractile in nature. 
 
What then is the function of the MeiAR?  This study has shown that the loss of 
formin-For3p leads to abnormally shaped spores, which might result from improper 
forespore membrane assembly.  Compelling evidence for the role of F-actin and the 
MeiAR in sporulation was obtained by analyzing cells treated with the actin 
polymerization inhibitor Lat A.  In Lat A treated cells it was noticed that FSM 
assembly was not arrested by the absence of F-actin.  Rather, it was observed that the 
integrity of the leading edge ring (visualized by using Meu14p) was compromised 
leading to excessive proliferation of disorganized Psy1p-syntaxin containing 
forespore membranes in cells devoid of detectable F-actin.  Thus the primary 
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function of the MeiAR might be to reinforce the organization and stability of the 
leading edge ring.   
 
Studies of the contractile actomyosin ring in mitotic cells have shown that the 
stability of these rings and their constriction are dependent on the SIN.  Curiously, it 
was found that the rate of migration of the leading edge was significantly reduced in 
meiotic cells defective in SIN, leading to abnormal FSM assembly and sporulation.  
These observations reveal that despite the differential nature of cytokinesis in mitotic 
and meiotic cells, SIN might play an important role in coordinating membrane 
assembly events with actin cytoskeletal dynamics.  Future studies should address if 
SIN-kinases phosphorylate related substrates in mitosis and meiosis to coordinate 














Chapter 5. Conclusion and future directions 
 
This thesis explores the regulatory mechanism of the septation initiation network, 
forespore membrane and F-actin in meiosis in fission yeast (Figure 5.1). In chapter 
III, I show that Slk1p, a protein highly related to Sid2p, is a protein kinase which 
localizes to the SPBs and spore periphery during meiosis.  The spores in slk1∆ cells 
were smaller sized and less in number than those in wild-type cells, which showed 
that Slk1p is required for proper spore formation. Reduction in the level of the SIN 
scaffold protein, Sid4p in Prad21-sid4 cells or impairment of function of the other SIN 
scaffold Cdc11p led to a dramatic reduction in the levels of Slk1p at the SPBs, 
suggesting that Slk1p and Sid2p function downstream of the SIN.  The spore 
formation was abolished in sid2-250 slk1∆ mutant cells, which demonstrated that 
Slk1p and Sid2p performed overlapping roles in spore formation. Overexpression of 
Psy1p partially rescued sporulation defect of sid2-250 slk1∆ mutant cells, further 
suggesting that SIN regulates forespore membrane assembly by facilitating 
recruitment of proteins such as the syntaxin Psy1p to the growing forespore 
membranes during anaphase II.  
 
 This study is in agreement with the results from the other independent research 
groups (Ohtaka et al., 2008; Perez-Hidalgo et al., 2008).  All these studies indicate 
that the SIN signalling pathway was required for proper spore formation. This study 
in addition has provided evidence for a clear link between SIN and forespore 
membrane components Psy1p and Spo3p. Future study is to identify the substrates of 











particular, future studies should investigate phosphorylation state of Psy1p and 
Spo3p in the presence and absence of Slk1p and Sid2p. These more focused 
experiments on Psy1p and Spo3p and the broad experiments should provide a better 
understanding of SIN function in FSM assembly. 
 
In chapter IV, I analyzed the dynamics of actin and actin nucleators (Arp2/3p 
complex and formin protein For3p) during meiosis. I have shown that the actin 
assembles into dynamic ring-like structures (MeiAR) during meiosis II. This study 
extends previous work on actin nucleators localization to the MeiARs, suggesting 
that MeiAR is composed of branched F-actin as well as formin-induced unbranched 
actin cables. Moreover, excessive proliferation of disorganized Psy1p-syntaxin 
containing FSMs and abnormal spores were observed during late meiosis II in both 
for3∆ cells and Lat A treated cells. These results significantly suggest that the 
primary function of the MeiAR and F-actin might be to reinforce the organization 
and stability of the leading edge ring during FSM assembly. In addition, I found that 
the rate of migration of the leading edge (consisting of Actin/CHD/Arp3p/For3p) 
was significantly reduced upon protrusion of SIN. These observations have provided 
the valuable insight into the role played by SIN in coordinating membrane assembly 
events with actin cytoskeleton dynamics during meiosis II. Treatment of sporulating 
cells with Lat A blocks sporulation, but it does not inhibit forespore membrane 
growth, suggesting that actin-based transport does not play a critical role in the 
process of FSM assembly. Hence, how membrane vesicles are delivered to the FSMs 
might be an important question to be addressed. It will also be interesting to 
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